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CHAPTER 1: INTRODUCTION
Portions of the text in this chapter were reprinted or adapted with permission from: Bellow, J. A.; Yousif,
M.; Groysman, S. Comments Inorg. Chem. 2016, 36, 92-122. All rights to the work are retained by the
authors and any reuse requires permission of the authors.
1.1. Organic Azides and Diazoalkanes: Versatile Molecules for a Variety of Transformations
Organic azides (RN3) are reactive, often energetic molecules that are easily synthesized and can
serve as precursors to a myriad of new nitrogen-containing organic molecules.1 Most transformations of
organic azides take advantage of their overwhelming tendency to extrude dinitrogen gas. This extrusion
leads to the formation of the reactive nitrene moiety (RN), which can then conveniently react with a
variety of substrates, yielding value-added organic products that can be utilized in many different
applications. While nitrenes can be generated via thermal or photochemical decomposition of azides,
controlling their subsequent transfer to a substrate can be difficult by these means. As a result of this, to
help better facilitate nitrene transfer, transition metal complexes are typically employed.2 Upon reaction
of a complex [M] with an organic azide, a two-electron reduction of the azide by the metal takes place,
and dinitrogen is extruded. The resulting nitrene moiety binds to the metal, forming a metal imido
complex, [M]=NR (Figure 1). Here, the metal serves as a nitrene carrier, stabilizing it so that it can be
reacted in a controlled manner. The nitrene may then be transferred to any number of substrates, thus
regenerating the starting complex and making the process catalytic.
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Figure 1. Catalytic nitrene transfer facilitated by a metal complex [M].
As shown in Figure 1, a multitude of substrates can react with nitrene to generate new
compounds with a variety of applications. Nitrenes can potentially activate C−H bonds in alkanes to yield
aminated products, as well as add across the multiple bond of olefins to give aziridines.3, 4 Synthetically,
amines commonly serve as stepping stones toward other useful organic products, and they can also be
used as bases in organic reactions. In terms of applications, the amine moiety can be found in
pharmaceutical drugs, as well as in certain types of dyes.1, 3h Amines can also be used in coatings, as
curing agents in the production of epoxy resins, and as gas treating agents, among other uses. 5 Aziridines
find uses in organic synthesis and pharmaceutical chemistry and are challenging to synthesize by other
means.3a In terms of other C−N bond formation reactions, nitrenes can also couple with CO or
isocyanides (R’NC) to give isocyanates (RNCO) and carbodiimides (RNCNR’), respectively.6
Isocyanates are widely used in the production of polyurethanes, which are polymers commonly employed
in foam and insulation materials.7 More rarely, nitrenes can also couple with themselves to form azo
compounds (RNNR),8 highly colored substances which find uses as textile dyes and pigments, as well as
chemical indicators.9 The photoresponsive nature of azo compounds has also loaned its use in the
production of liquid crystal displays,10 molecular switches,11 optical storage devices,12 and drug
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delivery.13 A summary of nitrene transfer reactions to the aforementioned substrates can be found in
Figure 2 below.

Figure 2. Transformations of organic azides to various substrates.
The previously discussed transformations all involve transfer of nitrene, which entails a twoelectron reduction of the organic azide followed by dinitrogen extrusion. One other transformation of
organic azide at a transition metal center instead evokes one-electron reduction, forming an azide radical.
This radical can then couple with itself to give the hexazene moiety, RNNNNNNR2-, which contains a
chain of six nitrogens bonded together via the terminal nitrogens of two azides. This rare transformation
of an organic azide has only been observed for a few systems.14 The hexazene molecule chelates between
two transition metal centers, which provide stability to what would otherwise be considered a highly
reactive molecule. While means to remove or transfer the hexazene molecule from the complex are only
beginning to be realized,15 one can envision a catalytic process to do so. The resulting hexazene salt or
hexaazadiene could serve as the basis for a new type of energetic material (Figure 2).
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Diazoalkanes (R2CN2), like organic azides, are reactive precursors that can extrude dinitrogen.
However, in this case a reactive carbene (R2C) is formed instead of a nitrene. Similarly to nitrenes, metal
complexes with terminal carbene ligands can be formed, serving as carbene transfer agents in a similar
manner.3c, 16 There are three common transformations employed using metal carbenes: cyclopropanation,
C−C bond formation, and olefin metathesis (Figure 3). In cyclopropanation, the carbene is added across
an olefin to generate a cyclopropane.16b, 16d, 17 Late transition metal carbenes are typically employed for
this process. Cyclopropanes find various uses in organic synthesis, as well as in the synthesis of
antibiotics.18 They are also a major component of pyrethroids, which are used in insect repellants.19
Similar to azides, C−H bond activation of alkanes can be done using a carbene, providing convenient
synthetic access to compounds containing new C−C bonds.16e, 20 Finally, olefin metathesis21 using early
transition metal alkylidenes can generate new olefins for use in synthesis and in pharmaceuticals, as well
as in the industrial preparation of higher olefins and propylene, a raw material used in the production of
many industrial chemicals.22

Figure 3. Transformations of diazoalkanes using transition metal complexes.
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1.2. Design of Reactive Metal Imido and Metal Carbene Complexes
The reactive nature of metal imido and metal carbene complexes can vary widely depending on
the choice of metal and the type of ligand environment used to stabilize that metal. In the case of metal
imido complexes, when an early transition metal is used, the imido group tends to be unreactive toward
substrates and is instead ancillary in nature. This is because the d-orbitals of the early transition metals are
empty, allowing for better π-orbital overlap and thus greater electron donation from multiply-bonded
ligands. The textbook example of an ancillary imido complex is the Schrock catalyst,
M(OR)2(NAr)(CHtBu) (M = Mo, W) (Figure 4).21 This complex, widely known for its high catalytic
efficiency toward olefin metathesis, is reactive at the CHtBu alkylidene, with the imido only serving as an
ancillary ligand. A more recent example of an ancillary imido is in the niobium(III) complex
Nb(Nacnac)(C6H6)(NR) (Figure 4).23 This complex has been shown to catalytically defluorinate aryl
fluorides, with the active site generated upon loss of the benzene ligand. Again, the imido here is ancillary
in nature.

Figure 4. Examples of early (top) and late (bottom) transition metal imido and carbene complexes.
Imido complexes of the later transition metals, particularly of the later first-row transition metals,
are far less commonly encountered than their early transition metal counterparts. This is to be expected, as
metal-ligand multiple bonds are destabilized for later transition metals due to poor overlap of imido pπ-
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orbitals with the metal’s filled dπ-orbitals. However, this also means that late transition metal imido
complexes are more reactive, making them suitable candidates for nitrene transfer. One recent example of
a late transition metal imido complex is the iron(III) radical imido complex synthesized by Betley and
coworkers.4b It is stabilized by a dipyrromethane ligand (Figure 4) and can catalytically aminate C-H
bonds via its highly reactive imido radical ligand. In another example, the highly unusual nickel(II) imido
phosphine complex synthesized by Hillhouse and coworkers can perform clean aziridination of olefins
(Figure 4).24
Early transition metal carbene complexes typically possess Schrock carbenes (also known as
alkylidenes), in which the carbene is treated as a 2- ligand.3c In contrast to imido complexes, alkylidene
complexes can be more reactive for early transition metals, displaying olefin metathesis capabilities
depending on the choice of metal. The molybdenum and tungsten Schrock catalysts (both of which
contain a Schrock carbene) are prime examples of reactive early transition metal carbene complexes.21
Late transition metal carbene complexes possess Fischer carbenes, which behave as neutral ligands.
Several carbene complexes of iron, ruthenium, cobalt, rhodium, and copper have been shown to facilitate
catalytic cyclopropanation of olefins, as well as C−C bond formation.25 An example of a cationic iron
carbene complex is shown in Figure 4.
For late transition metals, imido and carbene complexes are notoriously reactive and can be
difficult to isolate. In fact, complexes of this type have really only been isolated and structurally
characterized within the past 15 years. As such, ligand design plays a crucial role in stabilizing the imido
or carbene. A common trend among isolated and characterized late transition metal imido and carbene
complexes is that they are typically stabilized by soft, strong-field ligand platforms. Strong-field σdonating and/or π-accepting ligands such as phosphines, N-heterocyclic carbenes (NHCs),
cyclopentadienyls (Cp), and CO presumably stabilize the metal-ligand multiple bond by allowing for
better π-overlap between the metal and the imido or carbene. In addition, good σ-donors stabilize high
oxidation states of the late transition metals. Several examples of isolated imido and carbene complexes
of the later first-row transition metals are shown in Figure 5.4f, 8e, 26 Nearly all of them display nitrene or
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carbene transfer reactivity, and most do so catalytically. Another common trend is that most of them
display coordination numbers of four or less. What is noticeably absent from the literature is the
exploration of the reactivity of late transition metal imido and carbene complexes in weak-field, anionic
π-donating ligand environments. Such a ligand environment would potentially destabilize the metal imido
or carbene by forcing the metal-ligand multiple bond to compete with the π-bonding of the ancillary
ligands, leading to higher reactivity and ease of imido/carbene transfer. Alkoxides are one such ligand
that could be utilized for this purpose.

Figure 5. Examples of late transition metal imido and carbene complexes stabilized by soft, strong-field
ligands.
1.3. Alkoxides as Ligands
Alkoxides (OR-) are one of the most commonly utilized ligands in all of coordination chemistry,
partly because of their ease of synthesis. As a result of this, alkoxide compounds exist for nearly every
element on the periodic table.27 They are often encountered as ancillary ligands in transition metal
chemistry, particularly with the first-row metals, with which they form strong, nearly ionic bonds.2a, 27b, 28
This ionic nature arises due to the high electronegativity of oxygen. Alkoxides are also poor σ-donating
ligands. However, they are excellent π-donating ligands due to the presence of three lone pairs on the
binding oxygen. There has been significant interest in the quantification of the π-donation capability of
alkoxides.29 In the late 1980s and early 1990s, the revival of interest in transition metal alkoxide
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chemistry stemmed from an orbital analogy proposed by Wolczanski and coworkers that compared an
alkoxide ligand to a Cp ligand (Figure 6).29a The crux of this proposition centers around the comparison
of the three linear combination orbitals of Cp—one σ-type and two π-type—to the σ-type and π-type
interactions of an alkoxide. This theoretically means that an alkoxide ligand can serve as a six-electron
donor, similar to a Cp ligand.

Figure 6. Orbital analogy between a Cp ligand and an alkoxide showing the σ- and π-bonding with the
metal.
One commonly encountered issue when working with alkoxide ligands is their overwhelming
tendency to bridge between metal centers. This bridging arises primarily due to increased nucleophilicity
of the lone pairs on the alkoxide oxygen. Often undesirable, this bridging is commonplace for simple
alkoxide complexes of most of the transition metals, giving rise to cluster-type and polymeric complexes,
many of which are difficult to characterize due to their lack of solubility in organic solvents. 30
Characterization of those complexes that do dissolve in organic solvents is further complicated by the
lability of the alkoxide ligand in solution, which gives rise to a multitude of concentration-dependent
solution structures that often differ drastically from their solid-state structures. Unsurprisingly, this makes
the isolation of alkoxide complexes with low nuclearities very challenging. Two solutions to remedy this
issue have previously been employed: adding fluorine groups to create an electron-deficient alkoxide, and
adding steric bulk to the alkoxide to minimize steric crowding at the metal center.
The chemistry of electron-deficient fluorinated alkoxides has recently been explored by Doerrer
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and coworkers and will only briefly be mentioned here.31 Through the use of the highly fluorinated
alkoxide ligand [OC(CF3)3], the nucleophilicity of the alkoxide lone pairs was greatly diminished,
allowing for the isolation of monomeric alkoxide complexes of the later first-row transition metals. A
consequence of this, however, is the sharp decrease in π-donating capabilities of the alkoxide, as proven
by DFT calculations. Thus, while monomeric complexes were able to be isolated, the alkoxide ligands
stabilizing them behaved more like halide ligands rather than good π-donating ligands.
1.4. The Chemistry of Bulky Alkoxides
The use of bulky alkoxides to minimize bridging has proven to be a far more widely studied
approach toward the synthesis of alkoxide complexes with low nuclearities. The chemistry of bulky
alkoxides has primarily been explored by two groups—the Wolczanski group and the Power group—in
the late 1980s and early 1990s. Both groups utilized the alkoxide ligand known as “tritox”, [OCtBu3], to
synthesize a wealth of early and late transition metal alkoxide complexes.29,

32

In nearly all cases the

complexes were well-defined mononuclear or dinuclear species that displayed exceptional solubility in
organic solvents. The structures of some of the most commonly utilized bulky alkoxide ligands are shown
in Figure 7 below. These include the aforementioned tritox ligand, as well as the phenyl and cyclohexyl
derivatives [OCPh3] and [OCCy3], whose chemistry was explored primarily by Power and coworkers.33
Also shown is the asymmetric alkoxide [OCtBu2H] studied by Wilkinson and coworkers, as well as Power
and coworkers.32d, 34 Most recently, the asymmetric [OCtBu2Me], or “ditox” ligand, has been explored by
Nocera and coworkers.35
By far the most thoroughly explored bulky alkoxide chemistry is that of the tritox ligand. The
synthesis of this ligand was achieved by simple addition of one equivalent of tert-butyl lithium to one
equivalent of hexamethylacetone.32c,

36

Protic workup afforded the alcohol HOCtBu3 (Figure 8). An

alternative synthesis involved addition of two equivalents of tert-butyl lithium to methyl pivalate to afford
the alcohol, followed by subsequent lithiation with n-butyl lithium to give the lithium tritox salt as a
dimer.32c Other bulky alkoxides mentioned henceforth can be synthesized using similar procedures.
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Figure 7. Structures of several bulky alkoxide ligands.

Figure 8. Synthesis of the [OC(tBu)3] precursor.
The tritox ligand is generally considered to be the bulkiest alkoxide ligand, with a cone angle
greater than 120°, as determined by Wolczanski and coworkers. The coordination chemistry of tritox at
transition metal centers is dominated by bis(tritox) complexes. While mono(tritox) complexes can be
prepared under certain conditions, no tris(tritox) transition metal complexes have been reported.
Wolczanski and coworkers have investigated the coordination behavior of tritox in complexes of titanium
and zirconium (see Figure 9 for the chemistry of titanium-tritox complexes).32c,

32f

Salt metathesis of

TiCl4 with one or two equivalents of Li[OCtBu3] lead to the formation of Ti(OCtBu3)Cl3 and
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Ti(OCtBu3)2Cl2, respectively. Alkylation of Ti(OCtBu3)Cl3 and Ti(OCtBu3)2Cl2 with MeMgCl formed
Ti(OCtBu3)Me3 and Ti(OCtBu3)2Me2, respectively. These species can be considered analogues of the
corresponding mono(cyclopentadienyl) and bis(cyclopentadienyl) complexes. Bis(tritox) complexes are
significantly more stable than the corresponding mono(tritox) complexes: while Ti(OCtBu3)Me3
decomposes at room temperature within several hours, only 10% decomposition is observed for
Ti(OCtBu3)2Me2 after two weeks at 100 °C in C6D6. Furthermore, the bis(tritox) titanium dimethyl
complex is more stable than its bis(cyclopentadienyl) analogue that was reported to decompose upon
heating to 97 °C.37 Both mono(tritox) and bis(tritox) titanium methyl complexes underwent oxygen
insertion reactions to give mixed titanium-methoxide products.

Figure 9. Chemistry of the mono(tritox) and bis(tritox) titanium complexes.
Power and coworkers have investigated the chemistry of chromium, manganese and cobalt with
[OCtBu3].32a,

32b, 32d, 32e

The obtained complexes were of [M(OCtBu3)2X(THF)n]- or [M(OCtBu3)2X2]2-

form (M = Cr, Mn, Co; X = Cl, Br, N(SiMe3)2; n = 0-2) in which the transition metal centers featured
trigonal planar or tetrahedral geometry. The complexes were generally obtained by salt metathesis
reactions, or by protonolysis reactions (see Figure 10 for selected examples). The precise structure of the
resulting compounds was determined by the reaction conditions, emphasizing lability of the alkoxide
ligands. In all cases, however, only two [OCtBu3] ligands coordinated to a single transition metal center,
consistent with the previously described findings in titanium chemistry.
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Figure 10. Coordination chemistry of manganese and cobalt with [OCtBu3].
The related alkoxide ligands [OCPh3] and [OCCy3] manifest similar coordination behavior to that
of [OCtBu3] with 3d metals, generally forming bis(alkoxide) complexes, although stable mono(alkoxide)
complexes featuring additional non-alkoxide ligands have also been prepared.38 Due to the ease of its
synthesis and the availability of starting materials, [OCPh3] proved to be somewhat more popular than
other bulky alkoxide ligands. Power and coworkers described a series of M(OCPh3)2L2 complexes (M =
Mn, Fe, Co; L = THF, pyridine) obtained by the treatment of two equivalents of HOCPh 3 with
M(N(SiMe3)2)2 in THF or pyridine (Figure 11).33a,

33c

M(OCPh3)2L2 complexes demonstrate highly

distorted (towards linearity) tetrahedral geometry featuring very wide RO-M-OR angles in the 140 – 154°
range. For cobalt, both Co(OCPh3)2(THF)2 and dinuclear [Co(OCPh3)2]2 were obtained, depending on the
choice of the reaction solvent (THF versus toluene, Figure 11). Osborn and coworkers reported both
bis(triphenylmethoxide) and mono(triphenylmethoxide) chromyl complexes CrO2(Cl)(OCPh3) and
CrO2(OCPh3)2, both manifesting tetrahedral geometry at the Cr(VI) center.33b Another example of a
mono(triphenylmethoxide) complex is Fe2(µ2-SAr)2(OCPh3)2, which has been reported by Tatsumi and
coworkers.33d The complex was obtained from the previously synthesized Fe(SAr)(N(SiMe 3)2) by a
protonolysis reaction. Fe2(µ2-SAr)2(OCPh3) was further used to prepare an oxygen-containing model of
the active site of iron-molybdenum nitrogenase.
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Figure 11. Coordination chemistry of [OCPh3] at 3d metal centers.
Tris(tert-butyl)methoxide [OCtBu3] and triphenylmethoxide [OCPh3] preferentially form tri- or
tetra-coordinate bis(alkoxide) metal complexes M(OR)2Ln, thus enabling steric control of the nuclearity
and coordination numbers. The remaining positions (occupied by relatively weakly bound neutral ligands)
may provide docking sites for a substrate of interest in the activation of small molecules/catalysis. It is
important to note that no mononuclear tris(alkoxide) or tetra(alkoxide) species were observed for these
ligands with transition metals. Thus, even though coordination of a monodentate alkoxide may be labile,
no thermodynamic “sinks” of M(OR)3 or M(OR)4 composition are expected to form. In sharp contrast to
the chemistry of [OCtBu3] and [OCPh3], bis(tert-butyl)methoxide [OCtBu2H] leads to a variety of
coordination modes, including tris(alkoxide) and tetrakis(alkoxide) complexes.32d,

34

Figure 12

demonstrates the synthesis of several 3d metal complexes which contain coordination of four [OC tBu2H]
ligands to a single metal center. Formation of M(OCtBu2H)4 occurs at even lower than 4:1 ligand-to-metal
stoichiometries, emphasizing the importance of the third substituent at the central carbon for the control
of the metal-alkoxide coordination sphere.
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Figure 12. Synthesis of various complexes with [OCtBu2H].
More recently the asymmetric bulky alkoxide ligand [OCtBu2Me] has been investigated by the
Nocera group. The term “asymmetric”, as it is used here, refers to the asymmetry of the conical shape
rather than the presence of a chiral center; true asymmetric alkoxides such as [OCMeEt iPr] have also been
explored.39 In the previous paragraphs, it was demonstrated that while [OCtBu3] (and [OCPh3]) produce
mostly bis(alkoxide) ligand environments, [OCtBu2H] leads to the formation of tetra(alkoxide)
complexes. Nocera and coworkers postulated that the utilization of an R group in [OC tBu2R] larger than
H but smaller than tBu may lead preferentially to the formation of tris(alkoxide) complexes. The resulting
di-tert-butyl(methyl)methoxide ligand [OCtBu2Me] (or “ditox”) has indeed selectively formed threecoordinate (trigonal planar) or four-coordinate (trigonal monopyramidal or tetrahedral) complexes all
featuring ligation of three ditox ligands. The reaction of three equivalents of LiOCtBu2Me with
VCl3(THF)3, CrCl3(THF)3 or FeCl3 led to the formation of V(OCtBu2Me)3(THF), Cr(OCtBu2Me)3, and
Fe(OCtBu2Me)3(THF), respectively (Figure 13).35 The reaction of LiOCtBu2Me with FeCl2 formed
heterodinuclear Fe(OCtBu2Me)3Li(THF) in which the Fe center is distorted trigonal planar. The reaction
of FeCl2 with KOCtBu2Me followed by the addition of 12-crown-4 afforded the ion-separated complex
[Fe(OCtBu2Me)3](K(12-crown-4)2) in which the transition metal fragment is mononuclear and nearly
perfectly trigonal planar. M(OCtBu2Me)4-type complexes were not detected even when an excess of
ligand was used. Notably, tetrahedral M(OCtBu2Me)3(O) species demonstrate the aforementioned
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preferred orientation of the defective cone in which the smallest substituent (Me) is forced to occupy the
most sterically congested position. The resulting “head-to-tail” orientation leads to the nearly C3symmetrical structures of M(OCtBu2Me)3(O) complexes (discussed below).
The interesting structural

dichotomy between the trigonal monopyramidal

complex

V(OCtBu2Me)3(THF) and trigonal planar Cr(OCtBu2Me)3 prompted the authors to investigate the stability
of

V(OCtBu2Me)3(THF)

in

non-coordinating

solvents.

Several

cycles

of

exposure

of

V(OCtBu2Me)3(THF) to vacuum followed by dissolution in toluene led to a gradual color change from
blue to dark brown. Crystallization of the product from pentane yielded the V(III) dinitrogen complex
V2(OCtBu2Me)6(μ2-N2) (Figure 14).35b Although the complex demonstrated a significant elongation of the
N-N bond (1.23 Ǻ vs. 1.10 Ǻ in free N2), the lack of reactivity of V2(OCtBu2Me)6(μ2-N2) with reducing
agents and the loss of N2 in solution was consistent with a relatively weak binding/activation of N2.
Nevertheless, it remains a rare example of a dinitrogen complex of any metal in an oxygen-only ligand
environment,40 being potentially relevant to Shilov’s chemistry of nitrogen fixation by vanadium and
molybdenum hydroxides.41

Figure 13. Coordination chemistry of ditox with selected 3d transition metals.
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Figure 14. X-ray crystal structure of V2(OCtBu2Me)6(μ2-N2). Two independent molecules with slightly
different metrics are present in the asymmetric unit.
1.5. Metal-Ligand Multiple Bonding in Alkoxide Ligand Environments: Recent Advances
Recently, Nocera and coworkers also reported on some of the first examples of metal-ligand
multiple bonding in alkoxide ligand environments. Specifically, tetrahedral metal-oxo complexes in
alkoxide ligand environments (M = V, Cr, Fe) were targeted.35b,

35c

Unlike other bulky alkoxides,

[OCtBu2Me] formed tris(alkoxide) complexes exclusively, thus allowing for the formation of

a

homologous series of pseudotetrahedral metal-oxo complexes of the form M(OCtBu2Me)3(O). The initial
study focused on the d0, d1 and d2 complexes V(OCtBu2Me)3(O), CrV(OCtBu2Me)3(O), and
[CrIV(OCtBu2Me)3(O)], which were prepared via oxo-transfer from the corresponding M(OCtBu2Me)3
complexes (vanadium(V) and chromium(V)), or by the reduction of a corresponding metal(V) complex
(chromium(IV)) (Figure 15). The complexes were characterized by X-ray crystallography, IR
spectroscopy, magnetic measurements, and DFT calculations (Figure 16). The study revealed strong
dependence of the M(OR)3-oxo functionality on the number of d electrons, with d electrons residing
primarily in the metal-oxo antibonding orbitals and thus affecting metal-oxo bond order. As such, a d0
V(V)-oxo demonstrates a triple bond, a d1 Cr(V)-oxo features a 2.5 order bond, and a d2 Cr(IV)-oxo
features a double bond. The nature of the Cr(IV)-oxo and the Cr(V)-oxo was also probed by reactivity
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studies. Generally, metal-oxo complexes featuring double bonds are nucleophilic (i. e. are easily
protonated), whereas metal-oxo complexes featuring triple bonds do not react even with strong acids. 42
The observed nucleophilic reactivity of [Cr(OCtBu2Me)3(O)]- (Figure 15) is consistent with the doublebond formulation: it undergoes an immediate reaction with Me 3SiCl (a proton surrogate) to form
CrIV(OCtBu2Me)3(OSiMe3). Under the same reaction conditions no reaction between CrV(OCtBu2Me)3(O)
and Me3SiCl was observed. This behavior of a pseudotetrahedral metal-oxo stands in contrast to the
behavior of tetragonal metal-oxos, in which a d2 Cr(IV)-oxo features a triple bond and reacts as an
electrophile.43

Figure 15. Synthesis of d0, d1, and d2 metal-oxos indicating bond orders, IR stretching frequencies of the
corresponding metal-oxo bonds, and reactivity of the Cr(IV) and Cr(V)-oxo with Me3SiCl.
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Figure 16. X-ray crystal structure of pseudotetrahedral Cr(OR)3(O) demonstrating the “head-to-tail”
arrangement of the ditox ligands.
Nocera and coworkers have also investigated the d4 complex [Fe(OCtBu2Me)3(O)]-.35c An Fe(IV)oxo complex was generated via oxo-transfer to [FeLi(OCtBu2Me)3(THF)] or to [FeK(OCtBu2Me)3(THF)2]
using iodosylbenzene (PhIO) (Figure 17). As anticipated from the study of Cr(V) and Cr(IV) oxo
complexes, Fe(IV) oxo was found to be high-spin (quintet, by DFT calculations) and therefore highly
reactive. Generation of the [FeIV(OCtBu2Me)3(O)]- in protio solvents (THF, benzene, cyclohexane,
pentane) formed Fe(III)-hydroxo complexes, all of which contain a [FeIII(OCtBu2Me)3(OH)]- core but
differ by the coordination environment of the alkali metal ion. The formation of the Fe(III)-hydroxo
products is postulated to proceed via an H-atom abstraction by the transient [FeIV(OCtBu2Me)3(O)]-. This
hypothesis is supported by the fact that the reaction in THF leads to the formation of two products, one of
which ([FeIIILi(OCtBu2Me)3(OH)(2,2’-OHBF)]) features the peculiar C−C coupled 2,2’-octahydrobifuran
ligand (2,2’-OHBF) that is likely generated by the coupling of two tetrahydrofuranyl radicals resulting
from H-atom abstraction from the THF solvent (Figure 17 and Figure 18). In acetonitrile, the reaction of
[Fe(OCtBu2Me)3](K(12-crown-4)2) with PhIO yields [Fe(OCtBu2Me)3(CH2CN)](K(12-crown-4)2). It is
possible that the “NCCH2-” ligand similarly results from the H-atom abstraction from NCCH3, followed
by recombination of NCCH2 radical with another Fe(II) center. In 1,2-difluorobenzene, transient
[FeIV(OCtBu2Me)3(O)]- catalyzes oxo-transfer to Ph3P to form Ph3PO.
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Figure 17. Oxidation reactivity of [Fe(OCMetBu2)3] complexes.

Figure 18. Structure of [FeIIILi(OCtBu2Me)3(OH)(2,2’-OHBF)], isolated from the reaction of
[FeLi(OCtBu2Me)3(THF) with PhIO in THF.
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1.6. Summary and Outlook
Group transfer reactions, including oxo, nitrene, and carbene transfer reactions, continue to be
some of the most highly sought after transformations in the chemistry of the transition metals. Recently
there has been a great interest in utilizing the cheaper, more readily accessible first-row transition metals
to design complexes containing M=X multiple bonds (X = O, NR, CR2) for catalytic group transfer
reactions. Specifically, the later first-row transition metals often lead to reactive metal-imido complexes
that could potentially be used for group transfer processes. Both early and late metal carbene complexes
can be employed for various C−C bond forming reactions. A common trend among isolated first-row
transition metal complexes with metal-ligand multiple bonds is the use of strong-field σ-donating ligands
and lower coordination numbers. There has been relatively little investigation of metal-ligand multiple
bonds stabilized by weak-field ligands.
Prior to this dissertation, there is little doubt that the chemistry of bulky alkoxides has been
thoroughly explored. The groups of Wolczanski, Power, and others have devised synthetic means to
create simple mononuclear or dinuclear alkoxide complexes for nearly all of the first-row transition
metals. What is noticeably lacking from the literature though is any study of bulky alkoxide complexes
toward group transfer and small molecule activation reactions. Only recently through the work of Nocera
and coworkers has the synthesis and reactivity of alkoxide complexes containing multiply bonded oxo
ligands been explored, as well as the surprising reactivity of a vanadium alkoxide complex with
dinitrogen. There is a noticeable absence of these types of reactivity investigations with first-row
transition metal alkoxide complexes, as well as with alkoxide complexes in general.
1.7. Research Statement and Objectives
The major focus of this research emphasizes the use of first-row transition metals toward the
synthesis of novel alkoxide complexes for catalytic group transfer reactions and small molecule
activation. The first-row metals are attractive for this purpose due to their higher abundance and lower
overall cost. They also form strong, nearly ionic bonds with alkoxide ligands. However, a major hurdle to
overcome in first-row transition metal catalysis is the difficulty in inducing multi-electron chemistry at
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the first-row metal, a property synonymous with the second and third row metals. One means to combat
this issue is to increase complex reactivity by enforcing lower coordination numbers at the metal through
the use of sterically demanding ligands. This creates a more electrophilic, reactive metal center while
conversely providing steric protection, allowing only small molecules to penetrate the inner coordination
sphere and minimizing ligand lability issues that may arise in solution. The specific metals focused on in
this research are the later first-row transition metals (Cr-Cu). With their more populated d-orbitals, the
later metals are predicted to form more reactive metal-ligand multiple bonds due to increased π* character
of the M=X bond.
The ligand of choice in this research is the asymmetric alkoxide, [OCtBu2Ph] (Figure 19). As
discussed previously, alkoxide ligands are hard, π-donating ligands that form strong bonds with first-row
transition metals. Similar to previously synthesized bulky alkoxide ligands, [OCtBu2Ph] (henceforth
abbreviated as [OR] for convenience) possesses two tert-butyl groups that provide necessary steric bulk
while also allowing the alkoxide complexes formed to be soluble in organic solvents of low polarity. The
addition of a phenyl group on the ligand maintains the asymmetry of the alkoxide ligand, giving it an
overall directionality and allowing for improved crystallinity of its complexes. It also allows for
tunability, should additional steric bulk on the ligand be required. The type of precursor envisioned in this
research is the bis(alkoxide) framework shown in Figure 19. The added phenyl group makes the alkoxide
ligand bulkier than the ditox ligand reported by Nocera and coworkers, which may prevent the formation
of tris(alkoxide) complexes. Labile solvent ligands L could be coordinated to the complexes formed.
Upon reaction with nitrene- or carbene-transfer agents, these weakly bound ligands can be removed,
generating reactive three-coordinate complexes of the type M(OR)2(X) (X = NR’, CR’2) (Figure 20). The
presence of the alkoxide ligands in these types of complexes is expected to destabilize the metal-ligand
multiple bond by competing for π-donation with the imido or carbene. This in turn should facilitate
simple transfer of nitrene or carbene to various substrates.
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Figure 19. Design of first-row bis(alkoxide) complexes supported by [OCtBu2Ph].

Figure 20. Proposed design of three-coordinate imido or carbene complexes in a bis(alkoxide) ligand
environment (X = NR’, CR’2).
The overall goal of this research is to explore the synthesis and reactivity of middle to late firstrow transition metal imido and carbene complexes in a bis(alkoxide) ligand environment. Three
objectives toward the pursuit of this goal are:
1. Design and Synthesis of a Bis(alkoxide) System of the Middle and Late First-Row Transition
Metals. Full synthesis and characterization of the complexes will be performed. This objective is
addressed in Chapters 2 and 3.
2. Exploration of the Reactivity of Bis(alkoxide) Complexes with Alkyl and Aryl Azides. Reactivity
of the bis(alkoxide) complexes with azides toward the synthesis of novel imido complexes will be
investigated, as well as their potential for nitrene transfer. This objective is addressed in Chapters
4 and 5.
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3. Exploration of the Reactivity of Bis(alkoxide) Complexes with Diazoalkanes. Bis(alkoxide)
reactivity with diazoalkanes toward the synthesis of novel carbene complexes will be explored, as
well as their potential for carbene transfer. This objective is addressed in Chapter 6.
These topics were developed over the course of the last four years and constitute the body of this
dissertation.
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CHAPTER 2: REACTIVITY OF THE BULKY ALKOXIDE [OCtBu2Ph] WITH FIRST-ROW
TRANSITION METALS: NOVEL CLUSTER TOPOLOGIES FEATURING RARE SEESAW
GEOMETRY AT TRANSITION METAL CENTERS
Portions of the text in this chapter were reprinted or adapted with permission from: (a) Bellow, J. A.;
Fang, D.; Kovacevic, N.; Martin, P. D.; Shearer, J.; Cisneros, G. A.; Groysman, S. Chem. Eur. J. 2013,
19, 12225-12228. (b) Bellow, J. A.; Yousif, M.; Fang, D.; Kratz, E. G.; Cisneros, G. A.; Groysman, S.
Inorg. Chem. 2015, 54, 5624-5633.
2.1. Introduction
As discussed in Chapter 1, there is a noticeable lack of alkoxide complexes being utilized for
small molecule activation and group transfer reactions. The objective of this chapter was to synthesize
novel bis(alkoxide) precursors using the newly synthesized [OR] ligand. These complexes can then be
tested as precursors for nitrene and carbene transfer, which shall be discussed in subsequent chapters. We
investigated the reactivity of [OR] with the middle to late transition metals chromium, manganese, iron,
cobalt, nickel, and copper, expecting a facile means toward obtainment of bis(alkoxide) complexes of the
type M(OR)2Ln (L = labile solvent ligand, n = 0-2). Isolation and crystallographic characterization of the
complexes formed will be discussed first. Characterization of the complexes via a multitude of
experimental, spectroscopic, and computational techniques will follow.
2.2. Synthesis and Characterization of the Novel Transition Metal Clusters M2(OR)4Li2Cl2
2.2.1. Synthesis and Structural Characterization
Treatment of one equivalent of hexamethylacetone with one equivalent of phenyllithium followed
by workup and crystallization from hexane afforded the lithium salt of [OR] (1) as a white, crystalline
solid (Figure 21). X-ray structure determination reveals that 1 crystallizes as a trimer in the solid state,
with two-coordinate geometry featured at the lithium centers (Figure 22).
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Figure 21. Synthesis of 1.

Figure 22. Crystal structure of 1, 50% probability ellipsoids. H atoms are omitted for clarity.
As an initial test to synthesize the desired bis(alkoxide) complexes, two equivalents of 1 were
added to one equivalent of iron(II) chloride in THF. Workup in the presence of small amounts of THF
followed by crystallization from hexanes afforded the three-coordinate bis(alkoxide) complex
Fe(OR)2ClLi(THF)2 (2, Figure 23). Notably, while the bis(alkoxide) moiety had indeed been synthesized,
the complex also contained bound chloride and lithium ions. Ion inclusion such as this was commonly
observed in the previously discussed alkoxide complex synthesis. Specifically, 2 is structurally similar to
the chromium bis(alkoxide) complex synthesized by Power and coworkers using the tritox ligand. 32a
Complex 2 is noticeably unstable, however: upon workup from hexane or by repeated removal of hexane
under vacuum, the labile THF ligands of 2 can be removed, followed by dimerization to give the cluster
compound Fe2(OR)4Li2Cl2 (3, Figure 23). Following the same procedure, the isostructural chromium,
manganese, and cobalt complexes can be synthesized from the analogous metal(II) chlorides (complexes
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4-6, Figure 23). X-ray quality crystals of all the dimeric complexes could be obtained by crystallization
from hexanes.

Figure 23. Synthesis of the novel transition metal alkoxide clusters 2-6.
The structures of 2-6 were all determined by X-ray crystallography. The structures of 3 and 5 are
shown in Figure 24 below. The analogous structures of 4 and 6, as well as the structure of 2, can be found
in Appendix B. A table of selected bond lengths and angles for 3-6 can be found in Table 1. Experimental
crystallographic parameters for structures 1-6 are listed in Tables 2 and 3. Complexes 3-6 are all
isostructural clusters featuring an M2(OR)4Li2Cl2 core. Each chloride is bridging two transition metals.
The lithium centers are two-coordinate as in the structure of 1, and the transition metals are fourcoordinate. A Crystal Structure Database search demonstrates that such a topology is unprecedented. 44
Most significantly, 3-6 all possess seesaw geometry at the transition metal centers. The space-filling
model of 3 (Figure 24c) shows the bulky tert-butyl and phenyl groups on the alkoxides forming a tight
cage around the complex. We propose that the seesaw geometry arises in part because of the steric bulk of
the alkoxide ligands. The immediate coordination environment of the transition metals is presented in
Figure 24d. The O−M−O angles of the complexes range from 171° to 176°, and the Cl−M−Cl angles are
all within the 84°-88° range. The M−Cl distances in each complex are similar to those in related
complexes, suggesting that there are actual M−Cl bonds in these structures.32a, 32e, 45 In addition, the Li−Cl
distances range from 2.5-3.0 Å, which are longer than those in related structures.32a, 32e, 45
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Figure 24. (a) Crystal structure of 3. (b) Crystal structure of 5. (c) Space-filling model of 3. (d) Structure
of seesaw core with O−M−O and Cl−M−Cl angles (°). For the crystal structures of 3 and 5, 50%
probability ellipsoids are shown. Hydrogen atoms are omitted for clarity.
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Table 1. Selected structural data for 3-6.
Complex

3 (Fe)

4 (Cr)

5 (Mn)

6 (Co)

M1−O1

1.904(4)

1.906(2)

1.926(2)

1.893(2)

M1−O2

1.917(4)

1.908(2)

1.915(2)

1.877(2)

M1−Cl1

2.474(2)

2.493(2)

2.455(1)

2.540(3)

M1−Cl2

2.520(2)

2.603(2)

2.600(1)

2.457(3)

O1−M1−O2

173.8(2)

175.2(1)

171.37(9) 175.5(2)

Cl1−M1−Cl2 86.96(8)

84.43(6)

88.07(4)

84.47(7)
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Table 2. Experimental crystallographic parameters for 1-3.
complex
formula

1

2

3

C48H76O3Li3

C38H62O4LiClFe

C72H120O4Li2Cl2Fe2

fw

721.91

681.12

1246.3

crystal system

triclinic

monoclinic

rhombohedral

P-1

P21/n

R3c

a (Å)

12.4967(11)

8.6288(9)

23.0159(11)

b (Å)

12.9665(12)

19.0324(17)

23.0159(11)

c (Å)

16.5773(14)

22.834(2)

23.0159(11)

α (deg)

93.467(3)

90.00

90.026(2)

β (deg)

104.742(3)

96.051(6)

90.026(2)

γ (deg)

117.338(3)

90.00

90.026(2)

V (Å3)

2257.9(3)

3729.1(6)

12192.2(10)

1.062

1.213

1.036

2

4

6

µ (mm-1)

0.062

0.512

0.596

T (K)

100(2)

100(2)

100(2)

R1 (%)

5.68

15.69

6.14

GOF

1.034

1.167

1.036

space group

Dc (g cm-3)
Z
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Table 3. Experimental crystallographic parameters for 4-6.
complex
formula
fw

4

5

6

C205H276O12Li6Cl6Cr6 C60H92O4Li2Cl2Mn2 C60H92O4Li2Cl2Co2
3498.79

1072.03

1079.98

rhombohedral

rhombohedral

rhombohedral

R3c

R3c

R3c

a (Å)

32.452(2)

23.0213(3)

22.9432(13)

b (Å)

32.452(2)

23.0213(3)

22.9432(13)

c (Å)

39.787(3)

23.0213(3)

22.9432(13)

α (deg)

90.00

90.02

90.015(4)

β (deg)

90.00

90.02

90.015(4)

γ (deg)

120.00

90.02

90.015(4)

V (Å3)

36288(4)

12200.8(3)

12077.1(12)

0.305

1.107

1.188

6

6

6

μ (mm-1)

0.166

0.345

0.680

T (K)

100(2)

100(2)

100(2)

R1 (%)

6.52

4.54

4.99

GOF

1.094

0.923

0.874

crystal system
space group

Dc (g cm-3)
Z

2.2.2. Spectroscopic Characterization
To confirm that the structures obtained by single crystal diffraction analysis are representative of
the bulk material, 3, 5, and 6 were subjected to metal K-edge X-ray absorption spectroscopy (in
collaboration with Professor Jason Shearer, University of Nevada, Reno). The XANES region of the Xray absorption spectra (XAS) all display pre-edge features corresponding to nominal 1s→3d transitions.
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The pre-edge feature of 3 has a peak-area of 8.2(1) % eV relative to the edge height (Figure 25a).
Although the geometry about the iron(II) center is unprecedented, we can think of the iron(II) center as
contained in a pseudotrigonal bipyramidal structure. We find that the area under this feature compares
well with other five-coordinate iron(II) complexes, and thus is consistent with seesaw geometry.46
High resolution (k = 2.0-17.5 Å-1) EXAFS analysis of the XAS is also consistent with the
crystallographic structure of 3. In addition to the two Fe−O (1.89 Å), two Fe−Cl (2.48 Å), and one Fe−Fe
(3.60 Å) vectors, there were also a plethora of multiple scattering (MS) pathways that needed to be
accounted for to properly solve the EXAFS (Figure 25b). These MS pathways are strongly dependent on
the O−Fe−O and Cl−Fe−Cl bond angles. A best fit to the data yields an O−Fe−O bond angle of 174° and
a Cl−Fe−Cl angle of 86°. Thus, the results are consistent with the crystallographic data. Analysis of the
XAS for 5 and 6 yield similar fits to the data (see Appendix B).

Figure 25. (a) XANES region of the Fe K-edge XAS for 3. (b) The k3 (χ) plots of the experimental data,
best fit, deconvoluted scattering pathways, and residual for 3.
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Continuous symmetry measurements were also used to evaluate the geometry of the metal
center.47 These are calculated values that provide a numeric respresentation of how close the geometry at
a metal center is to the predicted “perfect” geometry. The continuous symmetry values have been
calculated using the method detailed by Cicera, Alemany, and Alvarez in the Shape2 software. 48 The
continuous symmetry values of the crystal (computationally optimized) structures for 3-6 are 2.2 (2.6),
2.1 (2.5), 2.2 (2.4), and 2.0 (2.9), respectively. As the continuous symmetry values range from 0 to 100 (0
means perfect seesaw, whereas 100 means totally distorted), both crystal and computational structures
present geometry close to that of a perfect seesaw.
We also carried out a preliminary investigation of the magnetic properties of 3-6. To probe the
solution state magnetic moments of 3-6, the Evans method was conducted.49 The largest effective
magnetic moment observed was that of 5, which was 11.6 μB. The expected spin-only magnetic moment
for two uncoupled manganese(II) centers is 11.0 μB. The calculated and observed values were also
similar for 3 (8.8 μB, calcd 8.9 μB), 4 (8.4 μB, calcd 8.9 μB), and 6 (7.8 μB, calcd 6.9 μB). We have also
conducted SQUID magnetometry on 5 (in collaboration with the Freedman group, Northwestern
University), featuring the largest number of unpaired electrons (Figure 26). SQUID data are fully
consistent with solution measurements. At room temperature, a magnetic moment of 11.6 μB (χT = 16.8
cm3 (mol K)-1 is observed, indicating two uncoupled metal centers. At low temperatures, χT values drop
to about 0, indicating antiferromagnetic coupling.
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Figure 26. SQUID data for 5 (11.6 μB).
2.2.3. Computational Characterization
To shed light on the bonding and the electronic structure of the unusual seesaw molecules, DFT
calculations on the simplified models of 3-6 (tBu groups replaced by Me groups) were performed (in
collaboration with the Cisneros group, Wayne State University). The superposition of the calculated and
crystal structures shows good agreement between them (See Appendix B). Combined electron
localization function (ELF)50/noncovalent interaction (NCI)51 analysis52 was performed to gain a better
understanding of interatomic interactions (See Appendix B for ELF results). NCI describes interatomic
interactions by peaks of the reduced electron density gradient at low electron densities. Taking 4 as an
example, the strong metal-ligand (Cr−O and Cr−Cl) interaction is evidenced by the blue NCI surfaces in
Figure 27a. Regarding the chosen arbitrary color code, red surfaces indicate strong repulsion, blue
surfaces indicate strong attraction, and green surfaces indicate relatively weak interactions. In addition,
the surface for Cr−O (circled in black) has a darker blue color than the surface for Cr−Cl (circled in red),
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indicating that the interaction between Cr and Cl is slightly weaker than between Cr and O. Moreover, the
interaction between Li and Cl is much weaker than the one between Cr and Cl as demonstrated by the
green surfaces (circled in yellow). Next, the alkyl substituents R of the OR groups were replaced by
hydrogen atoms to investigate their effect on the stability of the seesaw geometry in the core. Although
the optimized chromium complex did not retain the seesaw geometry, the other (Mn-Co) complexes were
found to only undergo slight distortion (See Appendix B). These results underscore the importance of
lithium-oxygen interactions (circled in blue) in these structures for the stabilization of the seesaw core. To
determine the steric effect of the [OR] ligand, we carried out the NCI analysis on the full crystal structure
of 4 (unoptimized, Figure 27b). Some of the notable interactions include a weak attraction between Cr
and ortho-H (circled in red), and a weak attraction between Cl and H (tBu) atoms (circled in blue).
Similar interactions are also present in the optimized simplified structures bearing methyl substituents
(Appendix B). However, the full structure also demonstrates a weak attraction between the tert-butyl
groups and the neighboring phenyl group (circled in violet). This interaction may be responsible for the
formation of the cage-like structure.

Figure 27. NCI surfaces for 4. The isovalue is 0.5 (a) The optimized structure with tert-butyl was
replaced by methyl (only the core is shown), -0.07<sign(λ2)ρ<0.07 a.u. (b) NCI analysis for the complete
(unoptimized) crystal structure, -0.02<sign(λ2)ρ<0.02 a.u. Different sign(λ2)ρ ranges may be used to
distinguish the strength of the interactions. Note that one can compare the relative strength of the
interactions based on the colors only when using the same sign(λ2)ρ range.
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The observation of seesaw geometry in the dimeric complexes 3-6 is certainly unprecedented, but
not entirely surprising given the excessive steric bulk of the [OR] ligand. Spectroscopic and
computational analyses confirm that it is indeed the steric bulk of the ligand, coupled with the strong
lithium-oxygen interactions in the complexes that enforce the seesaw geometry. While novel, 3-6
unfortunately do not serve as suitable precursors toward group transfer reactions: as can be seen by the
space-filling model in Figure 24c, the metal atoms are difficult to access due to the cage-like structure
surrounding and protecting them. A likely solution to this is to find a means to remove the lithium and
chloride atoms intercalated into the structure to give the desired bis(alkoxide) precursors. This shall be
discussed in Chapter 3.
2.3. Synthesis and Characterization of Alkoxide Complexes of Nickel and Copper
2.3.1. Synthesis and Structural Characterization
In contrast to the reactions of chromium, manganese, iron, and cobalt chlorides with 1, reactions
with nickel and copper yielded strikingly different results. Instead of forming a complex similar to the
seesaw dimers 3-6, the reaction of NiCl2(dme) (dme = dimethoxyethane) with two equivalents of 1 yields
the monomeric complex NiCl(OR)2Li(THF)2 (7, see Figure 28). Similarly, the reaction of NiBr2(dme)
with 1 yields NiBr(OR)2Li(THF)2 (8, Figure 28). Both 7 and 8 are analogous to 2. In contrast to 2,
however, 7 and 8 are both stable species, likely due to the smaller size of nickel compared to the earlier
transition metals. It is likely this smaller size that prevents dimerization from occurring. Treatment of
either copper(II) chloride or copper(II) bromide with two equivalents of 1 leads to several color changes
before the solution ultimately turns and remains colorless. Crystallization gives colorless crystals
confirmed to be the copper(I) cluster Cu4(OR)4 (9, Figure 28). Complex 9 can also be obtained via
reaction of 1 with CuCl (Figure 28). An apparent reduction of copper(II) has taken place, presumably via
one of the added alkoxide equivalents.
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Figure 28. Reactions of nickel and copper precursors with 1.
The structures of 7, 8, and 9 are shown in Figures 29-31. Selected structural data for 7-9 can be
found in Table 4. Experimental crystallographic parameters for structures 7-9 can be found in Table 5.
Both 7 and 8 display distorted trigonal planar geometry at the nickel centers (sum of angles at nickel
360°). Complex 9 is a tetramer of [CuOR] units featuring nearly linear copper(I) centers each ligated by
two alkoxides. The four copper(I) centers form a plane with copper-copper distances ranging from 2.64 to
2.72 Å. The alkoxides coordinate above and below the Cu4 plane, leading to an overall “butterfly”-type
structure. Such a geometry can also be described in terms of two Cu 2(OR)3 planes (i.e. O4Cu4Cu3O1O3
and O2Cu1Cu2O1O3) intersecting at a 115° angle. Several related compounds exist in the literature:
namely, Cu4(OtBu)4, Cu4(OAr)4 (Ar = C6H3Ph2), and Cu4(OCPh3)4.53 Of the above, Cu4(OtBu)4 and
Cu4(OAr)4 are planar, while Cu4(OCPh3)4 has a similar butterfly geometry to 9, but with a wider angle
(141°) between the Cu2(OR)3 planes.
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Figure 29. Crystal structure of 7, 50% probability ellipsoids. H atoms were omitted for clarity. Dashed
lines indicate largely ionic interactions with lithium.

Figure 30. Crystal structure of 8, 50% probability ellipsoids. H atoms were omitted for clarity. Dashed
lines indicate largely ionic interactions with lithium.
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Figure 31. Crystal structure of 9, 50% probability ellipsoids. H atoms and THF solvent were omitted for
clarity.

Table 4. Selected structural data for 7-9.
Complex

M-ORterminal (Å)

M-ORbridging (Å)

OR-M-OR (°)

7

1.748(1)

1.871(1)

147.67(6)a

8

1.747(1)

1.872(1)

148.24(5) a

1.85(1)c

165(4)b

9

(a) The angle between terminal and bridging alkoxides. (b) Average of four angles. (c) Average of eight
bonds.
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Table 5. Experimental crystallographic parameters for 7-9.
complex

7

8

9

formula

C38H62ClLiNiO4

C38H62BrLiNiO4

C64H100Cu4O5

683.99

728.45

1203.60

monoclinic

monoclinic

triclinic

P 21/n

P 21/n

P-1

a (Å)

8.6238(3)

8.5787(8)

12.1232(5)

b (Å)

18.9889(7)

19.1206(17)

12.7191(5)

c (Å)

22.8625(8)

22.8759(18)

21.0633(9)

α (deg)

90.00

90.00

91.982(2)

β (deg)

96.585(2)

96.788(4)

103.747(2)

γ (deg)

90.00

90.00

109.308(2)

V (Å3)

3719.2(2)

3726.0(6)

2954.6(2)

1.222

1.277

1.353

4

4

2

µ (mm-1)

0.630

1.629

1.468

T (K)

100(2)

100(2)

100(2)

R1 (%)

4.17

2.92

3.39

GOF

1.076

1.033

1.025

fw
crystal system
space group

Dc (g cm-3)
Z
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2.3.2. Formation of Cu4(OR)4: Spectroscopic Studies
The reduction of copper(II) to copper(I) in an alkoxide ligand environment is certainly an unusual
transformation. Indeed, all of the previously reported Cu4(OR)4 compounds were obtained from copper(I)
rather than copper(II) precursors. It is possible that initially a copper(II) bis(alkoxide) CuX(OR)2Li(THF)2
is formed. The copper center then undergoes reduction, and because there are no other species present in
the reaction besides alkoxide ligands, the second equivalent of alkoxide is the only possible reducing
agent present. Upon oxidation, [OR] is expected to form a radical species. The cyclic voltammetry (CV)
of the lithium salt of [OR] (1) demonstrates an irreversible oxidation at the relatively accessible potential
of 0.51 V versus FeCp2/FeCp2+ (Figure 32). We note that tertiary alkoxides are not commonly observed
as reductants.27b However, we are aware of one reported example of copper(II) being reduced by a tertiary
bulky alkoxide.39 It is also worth noting that the inability of [OR] to support copper(II) centers stands in
sharp contrast to the behavior of the previously discussed fluorinated alkoxides (Doerrer, et al) to support
even copper(III).31a, 31c, 31e

Figure 32. CV of LiOR (1) in THF (0.1 M [NBu4](PF6), 25°C, platinum working electrode, 100 mV/s
scan rate).
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In an attempt to observe any possible intermediates along the route to the formation of 9, a UVvis experiment was performed. The reaction of CuBr2 with two equivalents of LiOR was monitored over
time. The addition of 0.5 mL of a 2.86 M LiOR solution into an orange 0.286 mM solution of CuBr2 (2.5
mL in THF) immediately leads to a color change to colorless. A UV-vis scan performed ca. 10 s after the
addition revealed only the final product (See Appendix B). The reaction was next attempted at lower
temperatures (0 °C and −78 °C), but the reaction still proceeded too rapidly at 0 °C, and no reaction took
place at −78°C. However, batch-wise addition of the LiOR solution at room temperature provided clear
evidence for the intermediate (see Figure 33). The red trace in Figure 33 represents the UV-vis spectrum
of the starting CuBr2 solution in THF, which is dominated by two signals at 415 and 355 nm, attributed to
the CuBr2. The addition of 0.1 mL of the LiOR solution leads to a decline in the intensity of these
absorbances and an appearance of a new signal at 660 nm. The spectrum of the final product of the
reaction (9, Cu4(OR)4, see black spectrum in Figure 33 inset) is nearly featureless. Thus, we conclude
that the absorbance at 660 nm belongs to a short-lived intermediate of the reaction. The addition of
another batch of LiOR (purple trace, next 0.1 mL) causes a further increase in the intensity of the signal at
660 nm, which is accompanied by a decrease in the intensity of the signals at 415 and 355 nm. The next
addition (orange trace) leads to a further decrease in the absorbances of the starting material, while the
intermediate signal persists. Further additions of LiOR (green and black traces, two equivalents of LiOR
total) lead to the disappearance of the 660 nm signal.
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Figure 33. UV-vis spectra following the batch-wise addition of LiOR to a solution of CuBr2. Inset: The
spectrum of 9.
To gain further insight into the reaction mechanism, the reaction was also analyzed by 1H NMR
spectroscopy. The reaction of CuBr2 with two equivalents of LiOR in THF in the presence of
trimethoxybenzene as an internal standard was allowed to stir for 30 minutes, after which an aliquot was
taken, and its 1H NMR spectrum was collected in C6D6. Figure 34 below depicts the aromatic region of
the resulting solution (spectrum A). The full spectrum can be found in Appendix B. For comparison,
Figure 34 also presents spectra of clean Cu4(OR)4 (spectrum B), tert-butyl phenyl ketone (spectrum C),
and HOR (spectrum D) over the same region. Full spectra of these compounds are given in Appendix B.
Spectrum A demonstrates that the crude reaction mixture contains Cu4(OR)4. In addition, resonances
attributed to tert-butyl phenyl ketone and HOR are observed as well. Using the internal standard, the
overall amount of “[OR]” produced in the reaction was quantified (quantification based off of the tertbutyl resonance). We calculated that 0.012 mmol of Cu4(OR)4 (0.048 mmol “CuOR”) formed, along with
0.026 mmol of tert-butyl phenyl ketone and 0.022 mmol of HOR. Given that 0.156 mmol of LiOR were
used initially, we account for ~62% of the [OR]; it is consistent with the observed yield of Cu4(OR)4.
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Furthermore, these data also suggest that for each equivalent of Cu(OR), about 0.5 equivalents each of the
tert-butyl phenyl ketone and HOR are being formed.

Figure 34. (A) 1H NMR spectrum of an aliquot of the crude reaction mixture displayed at 6.8 to 8.8 ppm.
(B) 1H NMR spectrum of Cu4(OR)4 in the same region. (C) 1H NMR spectrum of tert-butyl phenyl ketone
(2,2-dimethyl-1-phenylpropan-1-one). (D) 1H NMR spectrum of HOR.
The observation of a colored intermediate by UV-vis spectroscopy coupled with the detection and
quantification of various reaction products by NMR spectroscopy provides a key to understanding the
reaction mechanism leading to the formation of the copper(I) tetramer 9 (Figure 35). We propose that
CuBr(OR)2Li(THF)2 forms first, as observed or proposed for 3-8. Next, the Cu-OR bond undergoes a
homolytic cleavage to form “CuI(OR)”, which tetramerizes to give 9. The remaining alkoxy radical then
undergoes β-scission, which has been previously observed for alkoxy radicals. 54 The β-scission produces
tert-butyl phenyl ketone and a tert-butyl radical, which may decompose to give isobutylene and a
hydrogen atom. The hydrogen atom can then couple with another equivalent of alkoxy radical to give
HOR. The formation of HOR is also possible via H atom abstraction by the alkoxy radical from the
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solvent.54 We did not observe the formation of isobutylene: the reaction takes place in a volatile solvent
that must be removed prior to redissolving the reaction mixture in C6D6.

Figure 35. Proposed pathway to the formation of Cu4(OR)4, tert-butyl phenyl ketone, and HOR.
2.3.3. DFT Calculations: Stability of the Seesaw “Dimers” Versus the Trigonal Planar “Monomers”
Intrigued by the stark differences in reactivity between LiOR with chromium, manganese, iron,
and cobalt versus nickel and copper, we performed DFT calculations to test the stability of selected
MX(OR’)2Li(THF)2 (“monomers”) and M2(OR’)4Li2Cl2 (“dimers”) (in collaboration with the Cisneros
group, Wayne State University). The OR’ group here is the modified alkoxide ligand [OCMe2Ph]. The
energy change during the formation of dimers was calculated both in the gas phase and in a solvent
environment (Figure 36). The relative change in electronic energy (ΔE0) during the reaction in the gas
phase for nickel (39.1 kcal/mol) is indeed larger than the other metals (Cr, 32.6 kcal/mol; Mn, 28.2
kcal/mol; Fe, 34.6 kcal/mol; Co, 31.5 kcal/mol). When solvation effects are included in the calculations,
the dimers become more stable; however, this effect is smaller for the nickel complexes than for the other
metal complexes. Most of the change in the free energy of reaction is due to the entropic term (−TΔS),
which corresponds to −27.2 and −19.6 kcal/mol for nickel and manganese, respectively, in the gas phase.
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In THF (hexane), the contribution for nickel is smaller by comparison at −26.3 (−26.9) kcal/mol. In
contrast, the entropic contribution decreases to −29.5 (−29.0) kcal/mol for manganese in THF (hexane).
As a result, a relatively large electronic energy change and small stabilization from the solvation effects
lead to a positive ΔG for nickel (6.9 kcal/mol in hexane, 10.5 kcal/mol in THF) compared to manganese
(−5.2 kcal/mol in hexane, −6.0 kcal/mol in THF).

Figure 36. Transformation used to determine the free energy differences (ΔG) between monomeric and
dimeric alkoxide complexes.
2.4. Summary and Conclusions
A new type of bulky alkoxide ligand, [OR] has been synthesized. The reactivity of [OR] with the
first-row transition metals chromium, manganese, iron, cobalt, nickel, and copper has been investigated.
For the middle to late metals chromium through cobalt, dimeric complexes displaying seesaw geometry at
the metal can be synthesized (3-6). The excessive steric bulk of the ligand leads to cage-like structures,
whereby the phenyl group on the alkoxide crystallizes in a “lock-and-key” orientation between the
ligand’s tert-butyl groups. Unfortunately this leads to complete inaccessibility of the metal center due to
excessive steric hindrance, making 3-6 unsuitable as precursors for the synthesis of metal-ligand multiple
bonds. For nickel, stable monomeric 7 and 8 can be synthesized. Nickel’s smaller size in comparison with
the earlier metals suggests that dimerization of nickel complexes with [OR] is thermally disfavored. DFT
calculations support this finding by indicating positive ΔG values for the formation of a seesaw dimer
from 7 or 8. Once again, for steric reasons, 7 and 8 are also unsuitable precursors toward the synthesis of
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metal-ligand multiple bonds. Reaction with copper(II) leads to an unprecedented reduction to the
copper(I) tetramer 9. UV-vis and NMR experiments suggest homolytic cleavage of the Cu-OR bond in
the copper(II) species giving way to 9, as well as spectroscopically observable organic byproducts.
Because our system does not appear to be capable of supporting copper oxidation states higher than 1+,
copper is an unsuitable metal toward oxidative chemistry and will not be considered henceforth.
2.5. Experimental Details
General Methods and Procedures. All reactions involving air-sensitive materials were executed
in a nitrogen-filled glovebox. Chromium(II) chloride, iron(II) chloride, copper(II) chloride, copper(II)
bromide, and copper(I) chloride were purchased from Strem. 1.8 M phenyllithium solution in dibutyl
ether, manganese(II) chloride, cobalt(II) chloride, nickel(II) chloride dimethoxyethane, and nickel(II)
bromide dimethoxyethane were purchased from Aldrich. Hexamethylacetone was purchased from Alfa
Aesar. All materials were used as purchased. All solvents were purchased from Fisher scientific and were
of HPLC grade. The solvents were purified using an MBRAUN solvent purification system and stored
over 3-Å molecular sieves. The ligand 1 was characterized by 1H and

13

C NMR spectroscopy, IR

spectroscopy, and elemental analysis. The dimeric 3-6 were characterized using IR spectroscopy,
elemental analysis, X-ray absorption spectroscopy, and the Evans method for determination of magnetic
moment. Compounds 7-9 were characterized by 1H and 13C NMR spectroscopy, IR spectroscopy, UV-vis
spectroscopy, solution state magnetic susceptibility, cyclic voltammetry, and elemental analysis. All
compounds were characterized by X-ray crystallography. NMR spectra were recorded at the Lumigen
Instrument Center (Wayne State University) on a Varian Mercury 400 MHz NMR Spectrometer in C6D6,
CD2Cl2, or C7D8 at room temperature. Chemical shifts and coupling constants (J) were reported in parts
per million (δ) and Hertz respectively. IR spectra were recorded on a Shimadzu IR-Affinity1 FT-IR
spectrometer as paratone oil mull suspensions. UV-vis spectra were obtained in a Shimadzu UV-1800
spectrometer. Solution state effective magnetic moments were determined using the Evans method,49 and
diamagnetic corrections were calculated using the Pascal’s constants method;55 three independent
measurements were carried out for each sample. Electrochemical properties were determined using cyclic
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voltammetry on a BAS Epsilon system in a nitrogen-filled glovebox. Samples were prepared in
anhydrous THF with 0.1 M tetrabutylammonium hexafluorophosphate [NBu4][PF6] as the supporting
electrolyte. Redox potentials were determined with a scan rate of 100 mV/sec at 25 °C by using a
platinum disc working electrode (2 mm diameter), a platinum wire counter electrode, and a non-aqueous
Ag+/Ag reference electrode, and referenced to ferrocene/ferrocenium couple. Elemental analyses were
performed by Midwest Microlab LLC. Acceptable elemental analysis data could not be obtained for 5 due
to its low stability at ambient temperature. Experimental details regarding XAS, SQUID, and DFT, as
well as additional spectral data, can be found in Appendix B.
X-ray Crystallographic Details. The structures of 1-9 were all confirmed by X-ray analysis. The
crystal was mounted on a Siemens Platform three circle goniometer equipped with an APEX detector
using Graphite monochromated Mo Kα radiation (λ = 0.71073 Å). The data were processed using the
programs SAINT and SADABS supplied by Bruker-AXS. The structure was solved by direct methods
with SHELXS and refined by standard difference Fourier techniques with SHELXL (6.10 v., Sheldrick G.
M., and Siemens Industrial Automation, 2000). Hydrogen atoms were placed in calculated positions using
a standard riding model and refined isotropically; all other atoms were refined anisotropically. The
structure of the ligand contained one trimeric molecule per asymmetric unit. The crystal quality of 2 was
not sufficient enough to merit publication of bond lengths and angles.
Li[OR] (1). 2.46 mL (0.372 g, 4.43 mmol) of a phenyllithium solution was added dropwise with
stirring to 0.761 mL (0.627 g, 4.43 mmol) of hexamethylacetone in a small quantity (~1.0 mL) of diethyl
ether. The resulting orange solution was stirred at room temperature for 24h. Solvent was removed in
vacuo to give an orange crystalline residue. Repeated recrystallizations from hexane (× 3) afforded the
product as a white, crystalline solid (0.821 g, 82%).1H NMR (C6D6, 400 MHz) δ 7.97 (d, J = 8.0, 1H),
7.66 (d, J = 4.0, 1H), 7.29 (m, 1H), 7.09 (m, 2H), 1.10 (s, 18H);

C NMR (C6D6, 75 MHz) δ 152.39,

13

130.24, 128.71, 126.52, 125.84, 84.82, 42.48, 31.29. IR (cm-1): 1483 (m), 1387 (m), 1364 (m), 1067 (s),
1015 (s), 947 (m), 910 (m), 893 (m), 800 (m), 748 (s), 714 (s), 656 (m). Anal. Calcd. for C 45H69O3Li3: C,
79.6; H, 10.2. Found: C, 79.6, 10.4.
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Fe2(OR)4Li2Cl2 (3). A 5 mL diethyl ether solution of 1 (48.5 mg, 0.214 mmol) was added in one
portion to a stirred THF of solution of FeCl2 (13.6 mg, 0.107 mmol). The solution color changed from
light brown to yellow. The reaction was stirred for one hour, upon which the solvent was removed. The
resulting residue was redissolved in hexane and filtered to give the monomer Fe(OR)2LiCl(THF)2, 2, in
solution. Hexane was repeatedly added to and removed from the residue four times to yield a pale yellow
solid (40.5 mg, 70%). Colorless X-ray quality crystals could be produced via crystallization from hexane
at -35°C. IR (cm-1): 1489 (m), 1393 (m), 1368 (m), 1049 (s), 993 (s), 951 (m), 918 (m), 752 (s), 716 (s),
681 (m), 638 (m). μeff (Evans, CD2Cl2, 298 K): 8.8 μB (calc. 8.9); Anal. Calcd. for C60H92O4Li2Cl2Fe2: C,
67.1; H, 8.6. Found: C, 67.0; H, 8.9.
Cr2(OR)4Li2Cl2 (4). A 5 mL diethyl ether solution of 1 (61.6 mg, 0.272 mmol) was added in one
portion to a stirred THF solution of CrCl2 (16.7 mg, 0.136 mmol). The solution color immediately
changed to a light blue-green. The reaction was stirred for one hour, upon which the solvent was
removed. The resulting residue was redissolved in hexane and filtered. Hexane was repeatedly added to
and removed from the residue four times to yield a pale green solid (51.8 mg, 71%). Pale green X-ray
quality crystals could also be produced via crystallization from hexane at -35°C. IR (cm-1): 1489 (m),
1393 (m), 1368 (m), 1053 (s), 999 (s), 949 (m), 918 (m), 752 (s), 718 (s), 681 (m), 638 (m). μeff (Evans,
C7D8, 298 K): 8.41 μB (calc. 8.9); Anal. Calcd. for C60H92O4Li2Cl2Cr2: C, 67.6; H, 8.7. Found: C, 66.9; H,
8.5.
Mn2(OR)4Li2Cl2 (5). A 5 mL diethyl ether solution of 1 (51.3 mg, 0.227 mmol) was added in one
portion to a stirred THF solution of MnCl2 (14.3 mg, 0.113 mmol). The colorless solution was stirred for
one hour, upon which the solvent was removed. The resulting residue was redissolved in hexane and
filtered. Hexane was repeatedly added to and removed from the residue four times to yield a white solid
(43.1 mg, 71%). White X-ray quality crystals could be produced via crystallization from hexane at -35°C.
IR (cm-1): 1485 (m), 1391 (m), 1368 (m), 1051 (s), 995 (s), 945 (m), 918 (m), 750 (s), 718 (s), 682 (m),
640 (m). μeff (Evans, CD2Cl2, 298 K): 11.6 μB (calc. 11.0); Anal. Calcd. for C60H92O4Li2Cl2Mn2: C, 67.2;
H, 8.7. Found: C, 66.1; H, 8.1.
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Co2(OR)4Li2Cl2 (6). A 5 mL diethyl ether solution of 1 (45.4 mg, 0.201 mmol) was added in one
portion to a stirred THF solution of CoCl2 (13.0, 0.100 mmol). The solution color immediately changed to
a deep blue. The reaction was stirred for one hour, upon which the solvent was removed. The resulting
residue was redissolved in hexane and filtered. Hexane was repeatedly added to and removed from the
residue four times to yield a magenta solid (39.2 mg, 72%). Magenta X-ray quality crystals could also be
produced via crystallization from hexane at -35°C. IR (cm-1): 1489 (m), 1393 (m), 1368 (m), 1049 (s),
989 (s), 951 (m), 918 (m), 752 (s), 718 (s), 679 (m), 638 (m). μeff (Evans, C7D8, 298 K): 7.8 μB (calc. 6.9);
Anal. Calcd. for C60H92O4Li2Cl2Co2: C, 66.7; H, 8.6. Found: C, 66.9; H, 8.7.
Ni(OR)2ClLi(THF)2 (7). A 5 mL diethyl ether solution of LiOR (47.7 mg, 0.211 mmol) was
added in one portion to a stirred THF solution of NiCl2(dme) (23.2 mg, 0.105 mmol). The solution color
changed from light orange to deep orange. The reaction was stirred for one hour, upon which the volatiles
were removed in vacuo. The resulting residue was redissolved in hexane and filtered. Recrystallization
from hexane at -35°C afforded the product as orange crystals (46.9 mg, 65%). IR (cm-1): 2972 (m), 2876
(m), 1487 (w), 1391 (w), 1360 (w), 1099 (s), 1072 (m), 1043 (w), 1022 (s), 891 (m), 745 (s), 708 (s),
677(w), 650 (w). µeff = 3.0 ± 0.2 µB (calc. 2.8). 1H NMR (C6D6, 400 MHz) δ 14.18, 10.55, 9.74, 7.86,
0.46, 0.02, -0.44, -0.65, -2.81. λmax (ε): 676 (22), 547 (99) M-1 cm-1. Anal. Calcd. for C38H62O4ClLiNi: C,
66.7; H, 9.1. Found: C, 66.7, H, 9.0.
Ni(OR)2BrLi(THF)2 (8). A 5 mL diethyl ether solution of LiOR (49.1 mg, 0.217 mmol) was
added in one portion to a stirred THF solution of NiBr2(dme) (33.5 mg, 0.109 mmol). The solution color
changed to deep orange. The reaction was stirred for one hour, upon which the volatiles were removed in
vacuo. The resulting residue was redissolved in hexane and filtered. Recrystallization from hexane at 35°C afforded the product as orange crystals (49.8 mg, 63%). IR (cm-1): 2972 (w), 2876 (w), 1522 (w),
1489 (m), 1393 (m), 1366 (w), 1098 (w), 1072 (m), 1043 (s), 1022 (w), 991 (s), 889 (m), 745 (s), 708 (s),
675 (m). µeff = 3.1 ± 0.2 µB (calc. 2.8). 1H NMR (C6D6, 400 MHz) δ 13.79, 10.09, 9.75, 6.88, -1.16, -2.49,
-3.28. λmax (ε): 682 (33), 559 (91) M-1 cm-1. Anal. Calcd. for C38H62O4BrLiNi: C, 62.7; H, 8.6. Found: C,
61.7, H, 8.0. Our repeated attempts to obtain better elemental analysis for 8 failed. However, 8 is obtained
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in an identical fashion to 7 as large orange crystals, and its spectroscopic and magnetic data matches well
that of 7.
Cu4(OR)4 (9) via CuCl2. A 5 mL diethyl ether solution of LiOR (45.2 mg, 0.200 mmol) was
added in one portion to a stirred THF of solution of CuCl2 (13.4 mg, 0.100 mmol). The solution color
immediately changed deep red before darkening to brown. The reaction was stirred for one hour, upon
which the volatiles were removed in vacuo. The resulting residue was redissolved in hexane and filtered.
Recrystallization from hexane at -35°C afforded the product as colorless crystals (26.0 mg, 46%). IR (cm1

): 3001 (w), 2951 (w), 2905 (w), 2878 (w), 1489 (w), 1389 (m), 1362 (w), 1153 (w), 1049 (s), 995 (s),

895 (w), 745 (s), 706 (s). 1H NMR (C6D6, 400 MHz) δ 8.52 (d, J = 8.0, 4H), 7.53 (d, J = 8.0, 4H), 7.17 (t,
J = 4.0, 4H), 7.06 (m, 8H), 1.39 (s, 72H). 13C NMR (C6D6, 75 MHz) δ 149.02, 130.19, 128.50, 127.47,
126.07, 125.13, 86.32, 41.61, 31.22. IR (cm-1): 3001 (w), 2951 (w), 2905 (w), 2878 (w), 1489 (w), 1389
(m), 1362 (w), 1153 (w), 1049 (s), 995 (s), 895 (w), 745 (s), 706 (s). No discernible features in the
UV−vis spectrum. Anal. Calcd. for C60H92O4Cu4: C, 63.7; H, 8.2. Found: C, 63.6, H, 8.0.
Cu4(OR)4 (9) via CuBr2. A 5 mL diethyl ether solution of LiOR (47.8 mg, 0.211 mmol) was
added in one portion to a stirred THF of solution of CuBr2 (23.6 mg, 0.106 mmol). The solution color
rapidly changed through red, amber, and light blue before ultimately turning colorless. The volatiles were
removed in vacuo. The resulting residue was redissolved in hexane and filtered. Recrystallization from
hexane at -35°C afforded the product as colorless crystals (25.2 mg, 42%). 1H NMR spectrum of the
product matched that of the product obtained via CuCl2.
Cu4(OR)4 (9) via CuCl. This procedure is identical to that for the reaction with copper(II)
halides. LiOR (49.3 mg, 0.218 mmol) was added to CuCl (21.6 mg, 0.218 mmol) to give a colorless
solution. The reaction was stirred for one hour, upon which the volatiles were removed in vacuo. The
resulting residue was redissolved in hexane and filtered. Recrystallization from hexane at -35°C afforded
the product as colorless crystals (31.4 mg, 51%). 1H NMR matched that of the product obtained via
CuCl2.

51
CHAPTER 3: SYNTHESIS AND CHARACTERIZATION OF THE BIS(ALKOXIDE)
COMPLEXES M(OR)2(THF)2
Portions of the text in this chapter were reprinted or adapted with permission from: (a) Bellow, J. A.;
Martin, P. D.; Lord, R. L.; Groysman, S. Inorg. Chem. 2013, 52, 12335-12337. (b) Bellow, J. A.; Yousif,
M.; Fang, D.; Kratz, E. G.; Cisneros, G. A.; Groysman, S. Inorg. Chem. 2015, 54, 5624-5633.
3.1. Introduction
While the chemistry of [OR] with the first-row transition metals explored in Chapter 2 is no doubt
novel and intriguing, the complexes synthesized therein do not serve as suitable precursors toward the
synthesis of metal-ligand multiple bonds. The seesaw dimers 3-6, in addition to possessing undesired
chloride and lithium ions that would likely interfere with reactivity, are also sterically hindered, as shown
by their space-filling models. This makes any attempt to perform additional reactions at the metal
challenging. A similar situation arises for the monomeric nickel complexes 7 and 8 due to the presence of
chloride and lithium ions. One means to circumvent this issue is by removing the intercalated chloride
and lithium ions. Chloride abstraction agents such as silver(I) hexafluorophosphate or thallium(I)
hexafluorophosphate could be utilized for this purpose. The objective of this chapter was to perform
chloride abstraction on the complexes described in Chapter 2 in order to obtain a suitable bis(alkoxide)
ligand platform toward the stabilization of metal-ligand multiple bonds.
3.2. Synthesis and Characterization of the Bis(alkoxide) Complexes M(OR)2(THF)2
Attempts at chloride abstraction from the iron and cobalt seesaw dimers 3 and 6 using silver(I)
hexafluorophosphate were unsuccessful, leading to reduction of the silver (indicated by formation of a
gray precipitate) and drastic color changes in both cases. However, by switching to the less oxidizing
thallium(I) hexafluorophosphate, immediate formation of a white precipitate was observed upon addition
to the iron, manganese, and cobalt seesaw dimers in THF. Subsequent workup and crystallization
afforded the desired bis(alkoxide) complexes of the form M(OR) 2(THF)2 (M = Mn, Fe, Co, 10-12)
(Figure 37). Complexes 10-12 are all related to the previously described M(OCPh3)2(THF)2 (M = Mn, Fe,
Co) complexes,33a,

33c

as well as recently synthesized manganese aryloxide complexes of the form
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Mn(OAr)2(THF)2.56 Surprisingly, all attempts to perform chloride abstraction on the chromium seesaw
dimer 4 led to the formation of a gray, metallic precipitate, suggesting that the highly reducing
chromium(II) is capable of reducing thallium(I) to thallium metal. Additionally, halide abstraction
attempts from the nickel complexes 7 and 8 also failed: workup of the reaction mixtures in both cases led
to reisolation of the starting materials. Due to the inability to remove chloride, as well as the fact that
performing oxidative chemistry on nickel(II) in an alkoxide ligand environment would likely prove
difficult (if not impossible), we chose to no longer consider nickel precursors toward the synthesis of
metal-ligand multiple bonds.

Figure 37. Synthesis of the bis(alkoxides) 10-12.
Complexes 10-12 were characterized by IR spectroscopy, 1H NMR spectroscopy, solution
magnetic measurements, UV-vis spectroscopy, cyclic voltammetry, and X-ray crystallography. All of
them are four-coordinate, distorted tetrahedral complexes containing two labile THF ligands. They all
display μeff values that are consistent with a high-spin metal(II) in a weak-field ligand environment (5.5
μB for 10, 4.7 μB for 11, 3.6 μB for 12). We note that in contrast, two-coordinate bis(aryloxide)
complexes of iron and cobalt demonstrate significantly higher μeff values due to a considerable orbital
contribution.57,
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The IR spectra of 10-12 are, as anticipated, nearly identical, with prominent C-O

stretches around 1100 cm−1. The manganese and iron complexes 10 and 11 are both colorless, and as a
result their UV-vis spectra are nearly featureless. The violet cobalt complex 12, however, gives rise to
several peaks in the visible region. The most significant peak at 734 nm exhibits an extinction coefficient
of 175 M−1 cm−1.
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Cyclic voltammetry of 10-12 are shown in Figure 38 below. CVs were obtained in THF using
[NBu4](PF6) as the supporting electrolyte and are reported versus the FeCp2/FeCp2+ couple. Only
irreversible oxidations are observed, peaking at 0.45 V for Fe(OR)2(THF)2 (onset at ~0 V), 1.27 V for
Co(OR)2(THF)2 (onset at ~0.5 V), and 1.43 V for Mn(OR)2(THF)2 (onset at ~0.7 V). The lack of
reversible features in the CVs is not uncommon in the electrochemistry of complexes supported by bulky
monodentate alkoxides,31c, 35c, 59 indicating that the complexes undergo rearrangement upon oxidation. No
reductions were observed up to −2.0 V. This electrochemical behavior demonstrates that the complexes in
their present form are unlikely to reach oxidation states lower than 2+ and that while the oxidation of the
iron(II) complex 11 is relatively accessible, oxidative chemistry on the manganese(II) and cobalt(II)
complexes 10 and 12 may be less feasible.

Figure 38. CVs of 10-12 in THF, (0.1 M [NBu4](PF6), 25 °C, platinum working electrode, 100 mV/s scan
rate).
X-ray quality crystals of 10-12 were obtained from hexanes at −35 °C. The structures of all three
complexes can be seen in Figures 39-41 below. Selected structural data can be found in Table 6.
Experimental crystallographic parameters can be found in Table 7. All three display distorted tetrahedral
geometry at the metal center, with wide RO−M−OR angles ranging from 130-139° and narrow
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THF−M−THF angles ranging from 83-88°. The related complexes Fe(OCPh3)2(THF)2 and
Mn(OAr)2(THF)2 both exhibited comparable RO-M-OR angles of about 140°.33c, 56 This structure type
matches the desired bis(alkoxide) framework we are seeking. The presence of two labile THF ligands
indicates that these complexes may be able to support metal-ligand multiple bond functionalities.

Figure 39. Structure of Mn(OR)2(THF)2 (10), 50% probability ellipsoids. H atoms are omitted for clarity.

Figure 40. Structure of Fe(OR)2(THF)2 (11), 50% probability ellipsoids. H atoms are omitted for clarity.
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Figure 41. Structure of Co(OR)2(THF)2 (12), 50% probability ellipsoids. H atoms are omitted for clarity.
Table 6. Selected structural data for 10-12.
M−ORterminal (Å)

OR−M−OR (°)

THF−M−THF (°)

10

1.899(1)

130.0(1)

86

11

1.838(1)

138.7(1)

83

12

1.8491(1)

131.1(1)

88

Complex

56
Table 7. Experimental crystallographic parameters for 10-12.
complex
formula

10

11

12

C38H62MnO4

C38H62O4Fe

C38H62CoO4

637.85

638.73

641.84

orthorhombic

monoclinic

orthorhombic

Fdd2

Cc

Fdd2

a (Å)

21.016(3)

9.3154(6)

20.707(4)

b (Å)

37.071(4)

36.698(3)

37.128(6)

c (Å)

9.3300(10)

11.4911(7)

9.2640(17)

α (deg)

90.00

90.00

90.00

β (deg)

90.00

113.894(2)

90.00

γ (deg)

90.00

90.00

90.00

V (Å3)

7268.8(15)

3591.7(4)

7122.(2)

1.166

1.181

1.197

16

4

16

µ (mm-1)

0.399

0.456

0.518

T (K)

100(2)

100(2)

100(2)

R1 (%)

2.72

3.56

3.41

GOF

1.046

1.075

0.891

fw
crystal system
space group

Dc (g cm-3)
Z

3.3. Summary and Conclusions
Through the use of thallium(I) hexafluorophosphate as a chloride abstracting agent, the
bis(alkoxide) complexes 10-12 can be isolated in a facile manner. The inability to remove chloride from
the chromium seesaw dimer 4, as well as from the monomeric nickel complexes 7 and 8 ultimately leads
to their elimination from further study in this dissertation. While chromium bis(alkoxide) complexes may
display intriguing reactivity and shall be investigated in the future, it is unlikely that nickel(II) complexes
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would be suitable as a platform for metal-ligand multiple bonds due to the difficulty in oxidizing nickel
beyond its 2+ oxidation state. The crystal structures of 10-12 all display distorted tetrahedral geometry at
the metal center, with large RO−M−OR angles. Our proposed bis(alkoxide) system has been realized: the
inclusion of two labile THF ligands in the complexes gives rise to a sort of protected bis(alkoxide)
system, whereby THF removal can lead to reactivity at the vacant coordination sites on the metal. Cyclic
voltammetry data reveal that 10-12 can all be oxidized, indicating that they could potentially support
additional multiply-bonded ligands. However, the high oxidation potentials for both the manganese
complex 10 and the cobalt complex 12 suggest that oxidative reactivity at these metals may prove
challenging.
3.4. Experimental Details
General Methods and Procedures. All reactions involving air-sensitive materials were executed
in a nitrogen-filled glovebox. Thallium hexafluorophosphate was purchased from Strem. All materials
were used as received. All solvents were purchased from Fisher Scientific and were of HPLC grade. The
solvents were purified using an MBRAUN solvent purification system and stored over 3-Å molecular
sieves. Compounds 10-12 were characterized by 1H and 13C NMR spectroscopy, IR spectroscopy, UV-vis
spectroscopy, solution state magnetic susceptibility, X-ray crystallography, cyclic voltammetry, and
elemental analysis. NMR spectra were recorded at the Lumigen Instrument Center (Wayne State
University) on a Varian Mercury 400 MHz NMR spectrometer in C6D6 or C6D5CD3 at room temperature.
Chemical shifts and coupling constants (J) were reported in parts per million (δ) and Hertz respectively.
IR spectra were recorded on a Shimadzu IR-Affinity1 FT-IR spectrometer as paratone oil mull
suspensions. UV-vis spectra were obtained in a Shimadzu UV-1800 spectrometer. Solution state effective
magnetic moments were determined using the Evans method49 and diamagnetic corrections were
calculated using the Pascal’s constants method;55 three independent measurements were carried out for
each sample. Electrochemical properties were determined using cyclic voltammetry on a BAS Epsilon
system in a nitrogen-filled glovebox. Samples were prepared in anhydrous THF with 0.1 M
tetrabutylammonium hexafluorophosphate [NBu4][PF6] as the supporting electrolyte. Redox potentials
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were determined with a scan rate of 100 mV/sec at 25 °C by using a platinum disc working electrode (2
mm diameter), a platinum wire counter electrode, and a non-aqueous Ag+/Ag reference electrode, and
referenced to ferrocene/ferrocenium couple. Elemental analyses were performed by Midwest Microlab
LLC. Additional spectral data can be found in Appendix C.
X-ray Crystallographic Details. The structures of 10-12 were confirmed by X-ray analysis. The
crystal was mounted on a Siemens Platform three circle goniometer equipped with an APEX detector
using Graphite monochromated Mo Kα radiation (λ = 0.71073 Å). The data were processed using the
programs SAINT and SADABS supplied by Bruker-AXS. The structure was solved by direct methods
with SHELXS and refined by standard difference Fourier techniques with SHELXL (6.10 v., Sheldrick G.
M., and Siemens Industrial Automation, 2000). Hydrogen atoms were placed in calculated positions using
a standard riding model and refined isotropically; all other atoms were refined anisotropically.
Mn(OR)2(THF)2 (10). A 5.0 mL THF solution containing 27.8 mg (0.0795 mmol) of thallium(I)
hexafluorophosphate was added dropwise to a 5.0 mL THF solution containing 42.6 mg (0.0397 mmol)
of the dimeric manganese bis(alkoxide) complex Mn2(OR)4Li2Cl2 (5). Immediately a white precipitate
formed. The reaction was stirred for one hour, upon which the volatiles were removed in vacuo. About
2.0 mL of hexanes were added to the remaining white cake, and subsequent filtration gave a pale yellow
solution. Recrystallization from hexane at -35°C afforded the product as white crystals (30.4 mg, 60%).
IR (cm-1): 2988 (m), 2963 (m), 2880 (m), 1377 (w), 1356 (w), 1107 (s), 1067 (m), 1026 (m), 872 (m), 745
(s), 708 (s), 642 (w). µeff = 5.5 ± 0.3 μB (calc. 5.9). No discernible features in the UV−vis spectrum. Anal.
Calcd. for C38H62O4Mn: C, 71.6; H, 9.8. Found: C, 71.3, H, 9.7.
Fe(OR)2(THF)2 (11). A 5.0 mL THF solution containing 38.9 mg (0.111 mmol) of thallium(I)
hexafluorophosphate was added dropwise to a 5.0 mL THF solution containing 59.8 mg (0.0557 mmol)
of the dimeric iron bis(alkoxide) complex Fe2(OR)4Li2Cl2 (3). Immediately a white precipitate formed.
The reaction was stirred for one hour, upon which the volatiles were removed in vacuo. About 2.0 mL of
hexanes were added to the remaining white cake, and subsequent filtration gave a pale yellow solution.
Recrystallization from hexane afforded the product as white crystalline rods (40.7 mg, 57%). IR (cm-1):
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2987 (br), 2880 (m), 1379 (w), 1356 (w), 1101 (s), 1069 (m), 1034 (s), 1022 (s), 905 (w), 874 (m), 746
(s), 708 (s). μeff (Evans, CD2Cl2, 298 K): 4.7 ± 0.3 μB (calc. 4.9); Anal. Calcd. for C38H62O4Fe: C, 71.5; H,
9.8. Found: C, 71.0, 9.5.
Co(OR)2(THF)2 (12). A 5.0 mL THF solution containing 28.1 mg (0.0806 mmol) of thallium(I)
hexafluorophosphate was added dropwise to a 5.0 mL THF solution containing 43.5 mg (0.0403 mmol)
of the dimeric cobalt bis(alkoxide) complex Co2(OR)4Li2Cl2 (6). Immediately a white precipitate formed,
and the reaction color changed from blue to violet. The reaction was stirred for one hour, upon which the
volatiles were removed in vacuo. About 2.0 mL of hexanes were added to the remaining white cake, and
subsequent filtration gave a violet solution. Recrystallization from hexane at -35°C afforded the product
as violet crystalline rods (25.3 mg, 49%). IR (cm-1): 2988 (w), 2967 (w), 2895 (w), 2876 (w), 1489 (w),
1381 (w), 1360 (w), 1090 (m), 1063 (m), 1018 (s), 868 (m), 745 (s), 708 (s). 1H NMR (C6D6, 400 MHz) δ
42.81, 24.95, 17.09, 13.05, 9.59, 9.39, 5.34. µeff = 3.6 ± 0.3 µB (calc. 3.9). λmax (ε): 734 (176), 578 (64),
472 (40), 386 (98) M-1 cm-1. Anal. Calcd. for C38H62O4Co: C, 71.1; H, 9.7. Found: C, 70.8, H, 9.6.
Reaction of Ni(OR)2BrLi(THF)2 with TlPF6. The nickel complex 8 (80.7 mg, 0.11 mmol) and
TlPF6 (38.7 mg, 0.11 mmol) were dissolved in separate THF solutions. The thallium hexafluorophosphate
solution was added dropwise to the nickel solution, leading to the formation of a white precipitate. The
reaction was stirred for one hour, upon which the volatiles were removed in vacuo, and the resulting
residue was taken up in hexane. After filtering off the insoluble precipitate, the solution was concentrated
before crystallization at −35 °C was attempted. Orange crystals were isolated, but they were confirmed to
be the starting complex 8 (48.8 mg, 60% recovery).
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CHAPTER 4: REACTIVITY OF AN IRON BIS(ALKOXIDE) COMPLEX WITH ADAMANTYL
AZIDE: FORMATION OF AN IRON HEXAZENE COMPLEX
Portions of the text in this chapter were reprinted or adapted with permission from: Bellow, J. A.; Martin,
P. D.; Lord, R. L.; Groysman, S. Inorg. Chem. 2013, 52, 12335-12337.
4.1. Introduction
With our desired bis(alkoxide) platform in hand, we next turned our attention toward using this
platform for the synthesis of reactive metal-ligand multiple bonds. Specifically we chose to focus on
metal imidos (M=NR), as metal-imido complexes in alkoxide-only ligand environments have yet to be
investigated, and their increased reactivity could prove crucial toward discovering new catalytic nitrene
transfer processes. As discussed in Chapter 1, such complexes could serve as reactive nitrene transfer
agents for several different substrates. The most convenient method to prepare transition metal imido
complexes is via reaction of a low-valent complex with an organic azide. The organic azide we chose to
focus on for initial reactivity studies was adamantyl azide, AdN3. Adamantyl azide was chosen due to its
commercial availability, but also because it is a solid as opposed to many other azides, which are liquids,
making its handling more convenient. Finally, its larger molecular weight increases its thermal stability,
making it much safer to handle than the volatile lower molecular weight organic azides, which are
potentially explosive. The objective of this chapter was to explore the reactivity of our newly designed
bis(alkoxide) complexes with adamantyl azide. Spectroscopic and computational studies are also
included.
4.2. Synthesis and Structural Characterization of the Iron Hexazene Complex (RO)2Fe(μ-κ2:κ2AdN6Ad)Fe(OR)2
Because the iron bis(alkoxide) complex 11 looked to be the most easily oxidized according to
cyclic voltammetry experiments, 11 was chosen for initial reactivity studies with organic azides. The
addition of one equivalent of adamantyl azide to the iron bis(alkoxide) complex 11 in toluene led to a
gradual color change to dark orange over the course of a few minutes. Crystallization from hexanes
afforded the dark-orange product 13, confirmed to be the hexazene complex (RO)2Fe(μ-κ2:κ2-
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AdN6Ad)Fe(OR)2 (Figure 42). Rather than two-electron reduction of the azide followed by dinitrogen
extrusion, two adamantyl azide molecules have been reduced by only one electron, and both have been
reductively coupled through the terminal nitrogens. The irons therefore have been oxidized to iron(III).
The crystal structure of 13 reveals that the diiron-hexazene core is essentially planar, with each iron
center displaying a distorted tetrahedral geometry (Figure 43). Experimental crystallographic parameters
are given in Table 8. The internal azide bond distances are about 1.29 Å, indicative of bond lengths
between single and double bonds and showing that electron delocalization is present in the azide moieties.
The distance between the two coupled azides is lengthened by about 0.1 Å and is more akin to an N−N
single bond. The Fe−O bond lengths are comparable to those in similar iron(III) alkoxide complexes.33c, 60
The Fe−O bonds are also noticeably shorter in the hexazene complex as opposed to those in 11. This
further suggests the presence of iron(III). The 1H NMR spectrum of 13 failed to provide any meaningful
data toward its characterization, likely due to its paramagnetism. The magnetic moment of 13 in solution
(11.2 μB) is consistent with two uncoupled iron(III) centers. It is also worth mentioning here that similar
reactions of both the manganese (10) and cobalt (12) bis(alkoxide) complexes with adamantyl azide were
attempted, but no reactivity was observed. This reaffirms the high oxidation potentials observed in the CV
shown in Chapter 3 and suggests that these complexes may not react with azides at all.

Figure 42. Reaction of the iron bis(alkoxide) 11 with adamantyl azide to form the hexazene complex, 13.
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Figure 43. X-ray crystal structure of 13, 50% probability ellipsoids. H atoms are omitted for clarity.
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Table 8. Experimental crystallographic parameters for 13.
complex
formula

13
C80H122O4N6Fe2

fw

1343.54

crystal system

triclinic

space group

P-1

a (Å)

12.9324(6)

b (Å)

12.9330(6)

c (Å)

14.1689(7)

α (deg)

93.360(2)

β (deg)

93.147(2)

γ (deg)

115.750(2)

V (Å3)

2122.29(17)

Dc (g cm-3)
Z

1.058
2

µ (mm-1)

0.388

T (K)

100(2)

R1 (%)

5.39

GOF

1.042

The one-electron reduction of adamantyl azide and subsequent formation of the hexazene
complex 13 is far from unprecedented; however, this type of reactivity is certainly uncommon. Currently
in the literature there are only a handful of other reported examples of hexazene formation from organic
azides.14 However, in all reported cases the transformation was only made possible through the use of
highly reducing metalloradicals, including iron(I), magnesium(I), and zinc(I), whereas we are able to
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reductively couple adamantyl azide using the far less reducing iron(II). As a specific example, when
Holland and coworkers reacted their three-coordinate iron(I) complex LFeNNFeL (L = HC[C(CH3)N(2,6iPr2C6H3)]2) with two equivalents of adamantyl azide, two azides reductively coupled to form a product
similar to 13.14a Their complex is the only other reported hexazene complex for iron. Complex 13 is also
the first example of a hexazene complex containing bulky alkoxide ligands.
Nitrogen-rich compounds are known to be energetic materials.61 Therefore, we also assessed the
potential of the hexazene complex 13 as a primary explosive. The complex did not detonate when
subjected to impact, heat, or electrostatic discharge, confirming its stability toward explosive
decomposition and its subsequent safe handling. Holland and coworkers performed similar tests on their
hexazene complex, with analogous results.14a
4.3. Computational Characterization: Investigation of the Mechanism of Formation
To gain insight into the electronic structure of 13, we turned to DFT calculations62-65 on a model
system, replacing adamantyl azide with methyl azide and replacing the [OR] ligands with methoxide
ligands (in collaboration with Professor Richard Lord and his group, Grand Valley State University).
Despite these simplifications, excellent agreement is seen for the hexazene bond lengths (Figure 44,
left)66 in the lowest-energy spin state (See Appendix D for the energetics and structures of alternative spin
states). This structure had ten unpaired electrons (S = 5) with five singly occupied molecular orbitals on
each iron center (See Appendix D), implying high-spin iron(III) ions and a dianionic hexazene ligand. A
dianionic hexazene ligand was also observed in the previously reported dimetallic hexazene compounds.14
One possible mechanism for the formation of 13 involves initial coordination of the azide to the iron
bis(alkoxide) 11. Next, dimerization occurs before the N−N bond is formed to give the hexazene, 13.
What is not clear is at what point the azide gets reduced. Spin density plots shed light on a possible
answer to this question (Figure 45). No spin density is observed on the azide for the initial azide
intermediate, Fe(OMe)2(N3Me) (Figure 45, left), indicating that the azide coordinates as a neutral ligand,
and the iron(II) remains unoxidized. This stands in contrast to what Holland and coworkers observe in
their system.14a However, dimer formation (Figure 44, right) results in an S = 4 species that has two high-
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spin iron(III) ions antiferromagnetically coupled to the monoreduced bridging azide radicals. Spin density
can clearly be observed on the azide radicals in [Fe(OMe)2(N3Me)]2 (Figure 45, center), further
supporting that reduction of the azides has taken place. To our knowledge, such a dimer is unprecedented,
even though bimetallic species with bridging azides (N3−) are known.3b The dimeric structure places the
terminal nitrogens of the azides in close proximity for coupling (2.937 Å), whereby the hexazene complex
13 can then be formed (Figure 45, right). Our computed thermodynamics for dimer formation are highly
dependent on the functional chosen, but both B3LYP and BLYP suggest that dimerization is enthalpically
favored.67-69

Figure 44. Comparison of computed and experimental bond lengths (Å) for the lowest-energy S = 5 state
(left) and a putative intermediate prior to reductive coupling (right).

Figure 45. Spin density plots for the initial azide intermediate Fe(OMe)2(N3Me) (left), the proposed
dimeric intermediate [Fe(OMe)2(N3Me)]2 (center), and the final product (right).
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4.4. Summary and Conclusions
The iron bis(alkoxide) complex reacts with adamantyl azide to form an unusual hexazene
complex: instead of two-electron azide reduction and metal-imido formation though, reductive coupling
of monoreduced azides is observed. Complex 13 contains the hexazene moiety AdNNNNNNAd2− and is
likely stabilized by the electron delocalization imparted from the iron centers. Coupled with a lack of
sensitivity toward explosive decomposition, we can conclude that 13 is an exceptionally stable molecule.
It is remarkable that the reducing power of iron(I) or other metalloradicals is not required to facilitate oneelectron reduction of an organic azide using our bis(alkoxide) system, unlike other reported systems. This
also further supports the higher reactivity of metals in alkoxide ligand systems. We were unable to
observe similar reactivity with the manganese and cobalt bis(alkoxide) complexes 10 and 12, likely due to
their high oxidation potentials. Despite the unusual observed reactivity of 11 with adamantyl azide, we
were unable to form a metal-imido complex, so we next turned our attention toward reactions with other
organic azides to see if differing reactivity is observed.
4.5. Experimental Details
General Methods and Procedures. All reactions involving air-sensitive materials were executed
in a nitrogen-filled glovebox. 1-azidoadamantane was purchased from Aldrich. All materials were used as
purchased. All solvents were purchased from Fisher scientific and were of HPLC grade. The solvents
were purified using an MBRAUN solvent purification system and stored over 3-Å molecular sieves. The
complexes were characterized using IR spectroscopy, elemental analysis, and the Evans method. NMR
spectra were recorded at the Lumigen Instrument Center (Wayne State University) on a Varian Mercury
400 MHz NMR Spectrometer in C6D6 or C7D8 at room temperature. IR spectra were recorded on a
Shimadzu IR-Affinity1 FT-IR spectrometer as paratone oil mull suspensions. Elemental analyses were
performed by Midwest Microlab LLC. Additional spectral data and experimental details regarding DFT
can be found in Appendix D.
X-ray Crystallographic Details. The structure of 13 was confirmed by X-ray analysis. The
crystals were mounted on a Bruker APEXII/Kappa three circle goniometer platform diffractometer
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equipped with an APEX-2 detector. A graphic monochromator was employed for wavelength selection
of the Mo Kα radiation (λ = 0.71073 Å). The data were processed and the structure was solved using the
APEX-2 software supplied by Bruker-AXS. The structure was refined by standard difference Fourier
techniques with SHELXL (6.10 v., Sheldrick G. M., and Siemens Industrial Automation, 2000).
Hydrogen atoms were placed in calculated positions using a standard riding model and refined
isotropically; all other atoms were refined anisotropically. The structure of 13 contained half of the
hexazene complex per asymmetric unit. Structure 13 also contains a disordered hexane molecule that has
been modeled in three different conformations.
(RO)2Fe(μ-η2:η2-AdN6Ad)Fe(OR)2 (13). A 5.0 mL toluene solution of 1-azidoadamantane (10.2
mg, 0.0576 mmol) was added dropwise to a 5.0 mL toluene solution of the iron bis(alkoxide) complex 11
(36.8 mg, 0.0576 mmol). Over the course of a few minutes the solution color changed from pale yellow to
orange-brown. The reaction was stirred for an hour, upon which the volatiles were removed in vacuo.
Recrystallization from hexanes afforded the product as dark orange crystals (25.2 mg, 65%). µeff = 11.2
µB (calc. 11.0) IR (cm-1): 2918 (m), 2853 (m), 1520 (m), 1489 (m), 1456 (m), 1271 (w), 1179 (w), 1121
(m), 1049 (s), 1018 (m), 766 (w), 739 (m). Anal. Calcd. for C80H122O4N6Fe2: C, 71.5; H, 9.2; N, 6.3.
Found: C, 71.4; H, 9.1; N, 6.2.
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CHAPTER 5: REACTIVITY OF AN IRON BIS(ALKOXIDE) COMPLEX WITH ARYL
AZIDES: CATALYTIC NITRENE COUPLING TO FORM AZOARENES
Portions of the text in this chapter were reprinted or adapted with permission from: Bellow, J. A.; Yousif,
M.; Cabelof, A. C.; Lord, R. L.; Groysman, S. Organometallics 2015, 34, 2917-2923.
5.1. Introduction
This chapter focuses on the reactivity of aryl azides with Fe(OR)2(THF)2. Aryl azides may
present a different reactivity than alkyl azides. Aryl nitrene formation is as common—if not more
common—than alkyl nitrene formation in the literature. As a result of this, the objective of this part of my
work was to prepare several different aryl azides and test their reactivity with the iron bis(alkoxide)
complex 11. Our initial hypothesis was that we would observe similar reactivity to adamantyl azide, in
that the complex would reductively couple the azides to form a hexazene. Hexazene formation from aryl
azides has recently been observed by Schultz and coworkers.14d, 15 However, our bis(alkoxide) system was
found to lead to an entirely different reactivity with aryl azides, as shall be discussed.
5.2. Stoichiometric and Catalytic Nitrene Coupling of Aryl Azides to form Azoarenes
Aryl azides, in contrast to alkyl azides, are actually far easier to synthesize, largely due to a lack
of stereochemistry at the carbon adjacent to the azide moiety. The most common method to synthesize
aryl azides proceeds via formation of an aryl diazonium intermediate (ArN2+). This intermediate can be
formed by reacting an aniline precursor with sodium nitrite in the presence of hydrochloric acid.
Subsequent reaction with sodium azide generates the desired aryl azide. Our initial studies with aryl
azides began with the synthesis of mesityl azide (MesN3). Mesityl azide, along with the other bulky
azides discussed herein, were synthesized using reported procedures from their corresponding,
commercially available anilines.70 While the aryl azides considered herein are not reported to explosively
decompose under ambient conditions, proper safety precautions, including small-scale syntheses and
usage of a blast shield, were observed in all cases.
In a similar manner to the preparation of the hexazene complex 13, one equivalent of mesityl
azide was added to one equivalent of the bis(alkoxide) 11 in toluene. Unlike the reaction to form 13, gas
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evolution was immediately observed, along with a gradual color change to dark orange. The gas evolved
here is suspected to be dinitrogen, hinting that nitrene formation may be occurring. Reaction workup and
subsequent crystallization afforded two different cocrystallized products (Figure 46). The first product, as
observed by X-ray diffractometry, was the iron(III) tris(alkoxide) complex Fe(OR)3 (14) which is a rare
example of iron in a trigonal planar coordination environment.31c, 35c The second product, also identified
by X-ray crystallography, was azomesitylene, MesN=NMes. An NMR experiment was then performed,
running the same reaction in C6D6 and taking NMR of the resulting solution in the presence of
trimethoxybenzene as an internal standard. Quantitative consumption of the starting azide was confirmed,
as well as three new peaks corresponding to a product featuring the mesityl moiety, consistent with the
observed crystallization of azomesitylene. Thus, both X-ray crystallography and NMR spectroscopy
indicate that rather than reductively coupling mesityl azide to give a hexazene complex, the iron
bis(alkoxide) instead induces nitrene formation, followed by coupling of nitrenes via N=N bond
formation to give an azoarene. Addition of the internal standard in the NMR confirms that the azoarene
forms quantitatively. We were unable to determine the yield of the iron tris(alkoxide) 14 due to its nearly
featureless NMR and UV-vis spectra. Complex 14 can be synthesized independently from the reaction of
iron(III) chloride with three equivalents of LiOR (Figure 46, bottom). Again, it is worth noting that
similar reactions of the manganese (10) and cobalt (12) bis(alkoxide) complexes with mesityl azide were
also attempted, but no reactivity was observed, thus eliminating these systems from further study.
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Figure 46. Reactivity of Fe(OR)2(THF)2 (11) with mesityl azide and related reactions.
The formation of an azoarene in the above reaction suggests the presence of a transient nitrene. It
is possible that a reactive iron imido complex forms as an intermediate in this process. Thus, it may be
possible to transfer the nitrene to other substrates. To investigate this, we first tried C−H activation of
cyclohexadiene. When the same reaction is run using cyclohexadiene as a solvent, only the azoarene is
observed by NMR, with no evidence of C−H activation. We next tested if the nitrene could be transferred
to 2,6-dimethylphenyl isocyanide via C-N bond formation: addition of a 1:1 mixture of the isocyanide
and mesityl azide to a solution of 11 in C6D6 leads to the formation of a green solution. No azoarene
formation is detected, and no other new peaks are visible in the NMR. The isocyanide peaks also
disappear completely, presumably due to isocyanide coordination to the metal. To test this hypothesis, we
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also independently synthesized the isocyanide adduct Fe(OR)2(CNR’)2 (15, R’ = 2,6-dimethylphenyl).
Green crystals of Fe(OR)2(CNR’)2 were obtained by the addition of two equivalents of the isocyanide to a
toluene solution of 11 (Figure 46). X-ray diffraction confirmed the structure, and the complex was also
characterized by 1H NMR and IR spectroscopies. Finally, we attempted to perform nitrene transfer with
15 by addition of mesityl azide. NMR demonstrates that no reaction of the azide takes place, suggesting
that the more strongly bound isocyanide ligands prevent the azide from accessing the iron center. A
summary of this reactivity can be found in Figure 46. Crystal structures of Fe(OR)3, azomesitylene, and
the isocyanide adduct 15 can be found in Figures 47-49. Experimental crystallographic parameters are
given in Table 9.

Figure 47. X-ray crystal structure of Fe(OR)3 (14).
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Figure 48. X-ray crystal structure of MesNNMes.

Figure 49. X-ray crystal structure of 15.
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Table 9. Experimental crystallographic parameters for 14, MesNNMes, and 15.
compound
formula

14

MesNNMes

15

C45H69O3Fe

C18H22N2

C48H58FeN2O2

713.85

266.38

750.82

hexagonal

monoclinic

monoclinic

P-3

P21/n

C2/c

a (Å)

12.2741(19)

4.7927(6)

23.3174(18)

b (Å)

12.2741(19)

9.8612(12)

9.2385(7)

c (Å)

14.995(3)

15.4094(17)

21.1985(16)

α (deg)

90.00

90.00

90.00

β (deg)

90.00

92.167(5)

110.977(4)

γ (deg)

120.00

90.00

90.00

V (Å3)

1956.4(6)

727.75(15)

4263.9(6)

1.212

1.216

1.170

6

4

4

µ (mm-1)

0.424

0.071

0.392

T (K)

100(2)

100(2)

100(2)

R1 (%)

4.57

4.04

8.06

GOF

0.961

1.048

1.101

fw
crystal system
space group

Dc (g cm-3)
Z

The nitrene coupling was also found to be catalytic (Figure 50, top). Using 1-10 mol% loading of
the catalyst 11, mesityl azide can be cleanly converted to azomesitylene in a matter of hours (see Table
10 for reaction conditions and yields). NMR spectroscopy in the presence of an internal standard (1,3,5trimethoxybenzene) demonstrates that the conversion is nearly quantitative; pure azomesitylene can be
isolated in 95% yield at 1 mol % of catalyst. Similar catalytic conversion of 2,6-diethylphenyl azide to the
corresponding azoarene is also possible. NMR monitoring of the reaction mixture demonstrates full
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conversion within 48 hours. Pure azo(2,6-diethylbenzene) was isolated in 93% yield at 5 mol % catalyst.
In addition to the symmetric coupling products, asymmetric nitrene coupling is also possible through the
use of two different aryl azides. Using an equal number of equivalents of mesityl azide and 2,6diethylphenyl azide with 10% catalyst loading led to catalytic formation of all three possible azoarene
products in similar quantities, as confirmed by NMR yield (35% of azomesitylene, 30% of the mixed
azoarene, and 25% of azo(2,6-diethylbenzene)). All symmetric and asymmetric azoarenes in the above
experiments were identified by both NMR spectroscopy and mass spectrometry. Several control
experiments were also performed to confirm the catalytic activity of 11 (Figure 51). Replacing the
catalyst with either iron(II) chloride or iron(III) chloride leads to no observed nitrene coupling. Similarly,
attempting the catalysis in the presence of only the internal standard, or of LiOR leads to no reaction. This
confirms that 11 is indeed essential for stoichiometric and catalytic nitrene coupling.

Figure 50. Symmetric (top) and asymmetric (bottom) catalytic formation of azoarenes from aryl azides
using Fe(OR)2(THF)2 (11).
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Table 10. Catalysis data for the reaction of 11 with various aryl azides.

Ar

Catalyst Loading

Reaction Time (h)

NMR Yield (%)

(%)

Isolated Yield
(%)

2,4,6-Me3Ph

5

4

>90

92

2,4,6-Me3Ph

1

24

>90

95

2,6-Et2Ph

5

48

>90

93

4-F3CPh

10

24

0

-

Ph

10

24

0

-

3,5-Me2Ph

10

24

0

-

4-MeOPh

10

24

0

-

4-MePh

10

24

0

-

2-MePh

10

24

0

-

2,4,6-Me3Ph and

10

4

50a/0b/0c

-

10

4

36a/30d/26e

-

3,5-Me2Ph
2,4,6-Me3Ph and
2,6-Et2Ph
a

Azomesitylene. b Azo(3,5-dimethylphenyl-mesitylene). cAzo(3,5-dimethylbenzene). dAzo(2,6-diethylbenzene) eAzo(2,6-

diethylbenzene).
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Figure 51. Control experiments performed to confirm the catalytic nature of 11.
While there is precedence for stoichiometric and catalytic nitrene coupling, it is nonetheless a rare
transformation, having only been reported in a handful of cases. 8 There are only three published cases of
catalytic nitrene coupling. The first two, as reported by Peters and coworkers, are via iron(III) and
ruthenium(III) imido complexes stabilized by a silyl ligand with chelating phosphine arms. 8e, 8g The third
case, as reported by Heyduk and coworkers, involves a tantalum(V) complex in a chelating aryloxide
ligand framework.8f In all of these previously reported cases though, elevated temperatures (up to 70 °C)
and extended reaction times (up to seven days) are required, whereas in our system, we can catalytically
couple nitrenes at room temperature in a matter of hours. This further corroborates the high reactivity of
our bis(alkoxide) system compared to other systems.
5.3. Formation of the Stable Bridging Imido Complexes (RO)(THF)Fe(μ-NAr)2Fe(OR)(THF)
Surprisingly, reacting less sterically bulky aryl azides such as para-tolyl, ortho-tolyl, 3,5dimethylphenyl, or phenyl azides with 11 leads to no azoarene formation, even at elevated temperatures,
as evidenced by NMR (see Table 10). However, a color change to red-brown and gas evolution were
observed in all four cases, suggesting formation of a metal-imido species. A similar lack of nitrene
coupling was observed for the electron-rich 4-methoxyphenyl azide, as well as the electron-poor 4-
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(trifluoromethyl)phenyl azide. These data suggest that the nature of azoarene formation in our system is
governed by a steric effect. The only azides that appear to undergo nitrene coupling are those possessing
R groups in the ortho positions on the aryl ring, like mesityl or 2,6-dimethylphenyl azides. In an
additional experiment, asymmetric nitrene coupling using mesityl azide and 3,5-dimethylphenyl azide
was attempted; however, the only organic product confirmed by NMR was azomesitylene. No inclusion
of the 3,5-dimethylphenyl azide was observed.
The lack of detection of any organic products forming in the reaction of 11 with nonbulky aryl
azides indicates that stable metal-imido complexes may be forming in these cases. To determine the
product formed, a stoichiometric reaction of 11 with 4-(trifluoromethyl)phenyl azide was attempted
(Figure 52). Subsequent crystallization led to the isolation of black crystals confirmed to be the iron
mono(alkoxide) dimer (RO)(THF)Fe(μ-NAr)2Fe(OR)(THF) (16, Ar = 4-(trifluoromethyl)phenyl),
possessing two bridging imido moieties (Figure 53). The Fe2(μ-NAr)2 diamond core motif depicted in the
crystal structure of 16 is rare in diiron species, but cluster compounds containing several iron centers with
bridging aryl imidos are more numerous.71 Analogous bis(imido) products were also isolated for 3,5dimethylphenyl azide (17), and the smaller phenyl azide (18) (Figure 52). The crystal structure of 17 is
shown in Figure 54. Crystals suitable for X-ray diffraction could not be isolated for 18, but elemental
analysis confirmed the identity of the bulk product. Experimental crystallographic parameters for 16 and
17 can be found in Table 11. The structures of 16 and 17 are consistent with the iron(III) oxidation state,
as indicated by the Fe−OR bond distances and the presence of the Fe2(μ-NAr)2 core (observed only for
iron(III) in previously synthesized complexes).35c,

71d-g

The structures of both 16 and 17 are

centrosymmetric, containing only half of the complex in the asymmetric unit. Two distinct, albeit very
similar, Fe−N bond lengths are observed (see Figures 53 and 54). The observed Fe−Fe distances of
2.543(1) Å (16) and 2.5268(4) Å (17) are closely related to the Fe−Fe distances in the previously reported
(NHC)(X)Fe(μ-NAr)2Fe(NHC)(X) complexes synthesized by Deng and coworkers, which were in the
2.424(4)-2.527(1) range (NHC = N-heterocyclic carbene, X = Cl, F).71g
Additionally, we also postulate that the formation of 16−18, containing mono(alkoxide) centers,
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is accompanied by the formation of the iron tris(alkoxide) 14 (see Figure 52). Formation of 14 as a
byproduct was observed in the stoichiometric and catalytic coupling of azoarenes (see above), so from a
stoichiometric standpoint, it makes sense that it may be forming as a byproduct here as well.
Unfortunately, the presence of 14 could not be detected due to its featureless UV-vis and NMR spectra, as
well as its overall instability.

Figure 52. Reaction of Fe(OR)2(THF)2 (11) with aryl azides yielding (RO)(THF)Fe(μNAr)2Fe(OR)(THF) (16-18).

Figure 53. X-ray crystal structure of 16, 40% probability ellipsoids. H-atoms are omitted for clarity.
Selected bond distances (Å) and angles (°): Fe−N, 1.881(3)/1.897(3); Fe−O1, 1.803(2); Fe−O2, 2.075(2);
N−Fe−N, 96.03(6); O1−Fe−O2, 102.58(2).
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Figure 54. X-ray crystal structure of 17, 40% probability ellipsoids. H-atoms are omitted for clarity.
Selected bond distances (Å) and angles (°): Fe−N, 1.875(1)/1.902(1); Fe−O1, 1.833(1); Fe−O2, 2.085(1);
N−Fe−N, 96.03(6); O1−Fe−O2, 102.58(2).
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Table 11. Experimental crystallographic parameters for 16 and 17.
complex
formula

16

17

C50H72N2O4F6Fe2

C54H80N2O4Fe2

1012.80

932.90

monoclinic

monoclinic

C2/c

P21/c

a (Å)

25.1613(8)

9.3779(6)

b (Å)

13.7596(4)

19.846(2)

c (Å)

17.3302(6)

14.4267(11)

α (deg)

90.00

90.00

β (deg)

113.417(2)

106.326(3)

γ (deg)

90.00

90.00

V (Å3)

5505.7(3)

2576.8(4)

1.299

1.202

8

4

µ (mm-1)

0.594

0.607

T (K)

100(2)

100(2)

R1 (%)

5.39

3.94

GOF

1.041

1.043

fw
crystal system
space group

Dc (g cm-3)
Z

Complexes 16-18 all appear to be stable molecules that are unreactive toward additional
equivalents of azide: after treating 17 with an excess of mesityl azide and stirring for 24 hours, no color
change was observed, and no new peaks appeared in the 1H NMR spectrum. The reaction of 16 with 2,6dimethylphenyl isocyanide gave similar results. Additionally, heating a solution of 17 to 50 °C for four
hours in an attempt to force formation of the azoarene from the bridging imido groups led to no reaction.
This suggests that the bridging imido complexes are stable species that form when bulky groups are not
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present on the aryl ring of the azide. When bulky groups are present, it is possible that the bridging imido
complex cannot form due to steric constraints.
5.4. Mechanistic Discussion and Computational Studies
A proposed mechanism to rationalize the differing reactivity modes of 11 with aryl azides is
presented in Figure 55 below. A plausible first step consists of initial coordination of the azide to the
metal followed by dinitrogen extrusion to give the reactive iron imido intermediate Fe(OR) 2(NAr). We
were not able to directly observe the formation of Fe(OR) 2(NAr); however, its electronic structure was
investigated computationally (see below). Complexes similar to Fe(OR) 2(NAr) have been proposed as
intermediates in other related systems.2b, 3b, 72 Specifically, an iron(IV) imido complex was postulated as
an intermediate on the route to intramolecular C−H activation using adamantyl azide in the similar
bis(aryloxide) system Fe(OC6H2-2,6-Ad-4-R)2 (R = Me,

i

Pr).58b The postulated intermediate

Fe(OR)2(NAr) is strongly oxidizing, and it thus reacts with a second equivalent of the reducing iron(II)
bis(alkoxide) complex 11 in a comproportionating fashion to yield two iron(III) complexes—the iron(III)
tris(alkoxide) complex, 14, and the iron(III) mono(alkoxide) dimer (RO)(THF)Fe(μ-NAr)2Fe(OR)(THF),
16-18. It is possible that the formation of these dimers is preceded by the formation of the monomer
Fe(OR)(NAr)(THF); however, we were not able to obtain any evidence to this end. Both Fe(OR) 2(NAr)
and (RO)(THF)Fe(μ-NAr)2Fe(OR)(THF) can be responsible for the observed catalytic nitrene coupling,
either via a mononuclear metallatetrazene intermediate ([FeN(Ar)N(Ar)NN], as previously described by
Hillhouse and proposed in the reaction mechanism by Peters)4a, 8e or a dinuclear mechanism (coupling of
bridging imidos).
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Figure 55. Proposed “comproportionation” reaction explaining the formation of the iron-imido dimers
and Fe(OR)3.
Kinetic experiments using 2,6-diethylphenyl azide demonstrate that the reaction appears to be of
second order in the azide (Figure 56); this finding may be consistent with both mechanisms. To elucidate
the reaction order in iron, we attempted the initial rate method, in which we changed the concentration of
the iron precursor while following the decrease in the concentration of the azide. However, several
different measurements did not lead to a definitive integer rate (see Appendix E). It is possible that
several mechanisms are responsible for the nitrene coupling in our system, and the prevalence of the
given mechanism is determined by the concentration of the iron species.
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Figure 56. Kinetics plot of 1/[azide] vs. time, indicating a second order rate in azide (see kinetics
experiment procedure below).
To better understand the electronic structure of the putative intermediate Fe(OR) 2(NAr), it was
explored using DFT at the B3LYP/6-311G(d) level of theory (in collaboration with Professor Richard
Lord and his group, Grand Valley State University).63, 73 Spin states ranging from singlet to septet were
optimized, and the high-spin quintet state was found to be lowest in energy. B3LYP is documented to
overstabilize high-spin states due to its paramagnetic dependence on the amount of Hartree-Fock
exchange,74 so single-point energies at the optimized B3LYP structures were performed with OPBE,75 a
functional known to produce accurate spin-state splittings.69a, 76 The quintet was still the lowest energy
spin state with OPBE (See Appendix E). In principle, this quintet species should be high-spin iron(IV)
with two OR− and one NAr2− ligands and therefore should only exhibit α spin density at the metal. The
computed spin density is shown in Figure 57 below. In addition to α spin density at the iron center, there
is significant β spin density on the NAr ligand. A corresponding orbital analysis (See Appendix E)
showed five α electrons at iron overlapping between a d−π orbital (Sαβ ~0.53) and an NAr π orbital,
which suggests that this species is best described as a high-spin iron(III) antiferromagnetically coupled to
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NAr−•. This description is consistent for OPBE, which does not have explicit exchange and therefore
should not overstabilize an electronic configuration with maximal exchange (d5) at the metal center. Our
formulation of the electronic structure of Fe(OR)2(NAr) is consistent with previous calculations by Betley
and coworkers on a similar high-spin iron-imido species, in which they also found iron to be iron(III)
antiferromagnetically coupled with an imido radical.4b However, we note that while DFT describes our
Fe(OR)2(NAr) species as an imido radical, it did not activate C−H bonds, contrary to Betley’s system.

Figure 57. Spin density isosurface plot (iso = 0.002 a.u.) for quintet Fe(OR)2(NAr).
5.5. Summary and Conclusions
In summary, both stoichiometric and catalytic nitrene coupling can be performed using the iron
bis(alkoxide) complex 11. Nitrene coupling is a rare transformation that has only been reported in a
handful of instances. While our complex can selectively couple nitrenes from aryl azides, its substrate
scope is limited to aryl azides with sterically hindering groups in the 2- and 6-positions on the aryl ring.
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For azides that do not possess these groups, bridging bis(imido) complexes can be isolated. These
bis(imido) complexes do not react with additional equivalents of azide, nor do they decompose upon
heating to give azoarenes, suggesting that they are stable species that do not undergo nitrene coupling.
Observation of the iron tris(alkoxide) 14 as a byproduct of catalysis hints at a comproportionation process
occurring, whereby an initially formed iron imido complex reacts with a second equivalent of 11 to give
14 and a bridging imido dimer. One of the major limitations of our system, as seen in this chapter, is the
unexpected lability of the alkoxide ligand, which allows for unwanted side products such as the
tris(alkoxide) complex 14 to be formed. One way to circumvent this issue is by synthesizing an even more
bulky alkoxide ligand to prevent formation of the tris(alkoxide), or to design and use a chelating
bis(alkoxide) ligand, thus eliminating the issue of alkoxide lability altogether. This may allow greater
control over the iron-imido intermediates and could lead to more versatile nitrene transfer chemistry.
5.6. Experimental Details
General Methods and Procedures. All reactions involving air-sensitive materials were executed
in a nitrogen-filled glovebox. Mesityl azide, 2,6-diethylphenyl azide, and 3,5-dimethylphenyl azide were
synthesized according to literature procedures.70 Other aryl azides were purchased as solutions from
Aldrich and dried over molecular sieves overnight prior to use. All other materials were used as purchased
from Aldrich. All solvents were purchased from Fisher Scientific and were of HPLC grade. The solvents
were purified using an MBRAUN solvent purification system and stored over 3-Å molecular sieves. The
complexes were characterized using NMR and IR spectroscopies, mass spectrometry, X-ray
crystallography, elemental analysis, and the Evans method. NMR spectra were recorded at the Lumigen
Instrument Center (Wayne State University) on a Varian Mercury 400 MHz NMR Spectrometer in C 6D6
at room temperature. IR spectra of powdered samples were recorded on a Shimadzu IR Affinity-1 FT-IR
Spectrometer outfitted with a MIRacle10 attenuated total reflectance accessory with a monolithic
diamond crystal stage and pressure clamp. UV-visible spectra were obtained on a Shimadzu UV-1800
spectrometer. Low resolution mass spectra were obtained on a Shimadzu LCMS 2020 using a 1:1 mixture
of acetonitrile and water as the eluent, with 0.1% formic acid added. Elemental analyses were performed
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by Midwest Microlab LLC and Galbraith Laboratories Inc. NMR spectra from the above described
experiments, additional spectra, computational details, and additional computational data can be found in
Appendix E.
X-ray Crystallographic Details. The structures of 14-18 were confirmed by X-ray analysis. The
crystals were mounted on a Bruker APEXII/Kappa three circle goniometer platform diffractometer
equipped with an APEX-2 detector. A graphic monochromator was employed for wavelength selection of
the Mo Kα radiation (λ = 0.71073 Å). The data were processed and the structure was solved using the
APEX-2 software supplied by Bruker-AXS. The structure was refined by standard difference Fourier
techniques with SHELXL (6.10 v., Sheldrick G. M., and Siemens Industrial Automation, 2000). Hydrogen
atoms were placed in calculated positions using a standard riding model and refined isotropically; all
other atoms were refined anisotropically.
Stoichiometric Reaction of Fe(OR)2(THF)2 (11) with Mesityl Azide. A 5.0 mL toluene solution
of mesityl azide (7.9 mg, 0.0488 mmol) was added dropwise to a 5.0 mL toluene solution of 1 (31.2 mg,
0.0488 mmol), leading to a gradual color change from yellow to a dark red-orange. Gas evolution was
also observed. The reaction was stirred for one hour, upon which the volatiles were removed in vacuo to
give a red-orange residue. This residue was dissolved in a minimum amount of hexane and placed in the
freezer. After 24 hours, two different types of orange crystals had formed. The products (characterized by
X-ray crystallography) were determined to be the iron tris(alkoxide), 14, and the azoarene MesNNMes.
An analogous experiment was run in C6D6 in the presence of 1,3,5-trimethoxybenzene as an internal
standard. After stirring the reaction for four hours, NMR revealed total consumption of the starting azide,
with 3 as the only NMR-active product, formed in near-quantitative (96%) yield.
Preparation of Fe(OR)3 (14) Using an Fe(III) Precursor. A 5.0 mL THF solution of the lithium
salt of the ligand LiOR (62.1 mg, 0.275 mmol) was prepared, along with a 5.0 mL THF solution of FeCl 3
(14.9 mg, 0.0915 mmol). The ligand salt was added to the metal chloride with stirring, upon which the
solution color changed from yellow to orange. After stirring for 15 minutes, a THF solution of TlPF 6
(63.9 mg, 0.275 mmol) was added dropwise, leading to immediate formation of a white precipitate. The
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reaction was stirred for an hour, upon which the precipitate was filtered off, and the volatiles from the
remaining filtrate were removed in vacuo to give an orange residue. This residue was redissolved in a
minimum amount of hexane and placed in the freezer to afford orange crystals. (52.9 mg, 63%). IR (cm 1

): 2974 (m), 2873 (m), 1558 (m), 1485 (w), 1386 (m), 1155 (w), 1053 (s), 1018 (m), 901 (w), 769 (m),

745 (w). µeff = 6.3 ± 0.2 µB (calc. 5.9). λmax (εM) 317 (10823), 519 (656). The compound was also
characterized by X-ray crystallography. Anal. Calcd. for C45H69O3Fe: C, 75.7; H, 9.7. Found: C, 73.8; H,
9.6. The compound is unstable at room temperature, even under inert atmosphere. After 24 h at room
temperature in the solid state, orange crystals of 14 deform into an oily, dark green-brown residue. 1H
NMR of this green-brown residue reveals the presence of decomposed ligand. Even submitting a single
crystal of this complex for elemental analysis under dry ice did not yield satisfactory elemental analysis
results.
Fe(OR)2(CNAr)2 (15). To a stirred toluene solution of the iron bis(alkoxide) 11 (60.3 mg, 0.09
mmol) was added a toluene solution of 2,6-dimethylphenyl isocyanide (24.8 mg, 0.19 mmol) in one
portion. Immediately the solution color changed to green. The reaction was stirred for one hour, upon
which the volatiles were removed in vacuo. The resulting green residue was dissolved in a minimum
amount of hexane, filtered, and placed in the freezer to afford green X-ray quality crystals (42.0 mg,
59%). IR (cm-1): 2978 (m), 2955 (m), 2878 (m), 2129 (s), 1489 (w), 1381 (m), 1358 (w), 1096 (s), 1072
(s), 1022 (m), 887 (m), 772 (s), 745 (s), 702 (s), 648 (m). µeff = 4.9 ± 0.1 µB (calc. 4.9). Anal. Calcd. for
C48H64N2O2Fe: C, 76.2; H, 8.5; N, 3.7. Found: C, 76.1; H, 8.3; N, 3.8.
(RO)Fe(THF)(μ-NAr)2Fe(THF)(OR) (Ar = 4-(trifluoromethyl)phenyl) (16). A 5.0 mL THF
solution of 4-(trifluoromethyl)phenyl azide (14.1 mg, 0.075 mmol) was added dropwise to a 5.0 mL THF
solution of 11 (48.1 mg, 0.075 mmol). Immediately gas evolution was observed, along with a solution
color change to dark green. Over the course of a half hour the solution color gradually changed to black.
The reaction was stirred for four hours, upon which the volatiles were removed in vacuo to yield a black
residue. Recrystallization from hexane at -35 oC afforded the product as black crystals (9.2 mg, 48%). IR
(cm-1): 2963 (w), 2941 (w), 2880 (w), 1607 (w), 1489 (w), 1389 (w), 1319 (s), 1161 (m), 1107 (m), 1065
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(s), 1015 (m), 839 (m), 745 (m), 706 (m). µeff = 3.8 ± 0.1 µB. The compound was also characterized by Xray crystallography. Anal. Calcd. for C50H72O4N2F6Fe2: C, 61.7; H, 7.0; N, 2.8. Found: C, 61.3; H, 6.9; N,
3.0.
(RO)Fe(THF)(μ-NAr)2Fe(THF)(OR) (Ar = 3,5-dimethylphenyl) (17). A 5.0 mL THF solution
of 3,5-dimethylphenyl azide (10.4 mg, 0.0707 mmol) was added dropwise to a 5.0 mL THF solution of 11
(45.3 mg, 0.0709 mmol). Immediately gas evolution was observed, along with a solution color change to
dark green. Over the course of a half hour the solution color gradually changed to a dark maroon. The
reaction was stirred for four hours, upon which the volatiles were removed in vacuo to yield a brown
residue. Recrystallization from pentane at -35 oC afforded the product as sticky brown crystals (7.3 mg,
44%). IR (cm-1): 3003 (w), 2974 (w), 2938 (m), 2880 (m), 2833 (w), 1647 (w), 1593 (m), 1541 (w), 1506
(w), 1476 (s), 1435 (m), 1206 (m), 1140 (w), 1096 (m), 1049 (w), 1018 (s), 746 (s), 708 (w). µeff = 4.8 ±
0.2 µB. The compound was also characterized by X-ray crystallography. Anal. Calcd. for C54H80O4N2Fe2:
C, 69.5; H, 8.6; N, 3.0. Found: C, 68.0; H, 8.6; N, 1.9. Product was sticky and difficult to transfer in
appreciable amounts. As such, satisfactory elemental analysis could not be obtained, even after repeated
attempts.
(RO)Fe(THF)(μ-NAr)2Fe(THF)(OR) (Ar = phenyl) (18). A 5.0 mL THF solution of phenyl
azide (7.7 mg, 0.065 mmol) was added dropwise to a 5.0 mL THF solution of 11 (41.3 mg, 0.065 mmol).
Immediately gas evolution was observed, along with a solution color change to dark green. Over the
course of a half hour the solution color gradually changed to a dark maroon. The reaction was stirred for
four hours, upon which the volatiles were removed in vacuo to yield a brown residue. Precipitation from
hexane at -35 oC afforded the product as a red-brown solid (7.4 mg, 52%). IR (cm-1): 2920 (w), 2851 (w),
1520 (m), 1489 (w), 1462 (m), 1387 (m), 1119 (m), 1049 (s), 1016 (s), 968 (m), 845 (w), 721 (m), 710
(m). µeff = 4.5 ± 0.1 µB. Anal. Calcd. for C52H70O4N2Fe2: C, 68.5; H, 8.3; N, 3.2. Found: C, 68.4; H, 8.1;
N, 3.5.
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General Procedure for the Synthesis of Azoarenes. Fe(OR)2(THF)2 (25.0 mg, 0.039 mmol) (11)
was dissolved in either THF or C6D6 in a scintillation vial. The aryl azide (~120-140 mg for 5 mol % of
11) and the internal integration standard 1,3,5-trimethoxybenzene (65.0 mg, 0.39 mmol) were dissolved in
the same solvent in a separate vial. The azide solution was then added dropwise to the solution of 11,
upon which gas evolution was observed, along with a gradual solution color change to red-orange. The
reaction was stirred for the appropriate time, upon which NMR spectra were obtained for an aliquot of the
solution, confirming complete consumption of the starting azide. The solution was then passed through a
plug of silica to obtain the purified azoarene product, which was massed to obtain a yield. The nature of
the product was verified using mass spectrometry and 1H NMR spectroscopy.
Procedure for the Synthesis of Asymmetric Azoarenes. Same procedure as above (general
procedure for the synthesis of azoarenes) was used, but an equal number of equivalents of both azides
were first combined prior to dropwise addition to the catalyst. The reaction was stirred for the appropriate
time, upon which NMR of an aliquot was taken. Mass spectrometry confirmed the presence of the
asymmetric product for the reaction of mesityl azide and 2,6-diethylphenyl azide.
Control Experiments. Four separate control experiments were conducted. First, mesityl azide
was stirred in the presence of iron(II) chloride and the internal standard for 24 hours. NMR revealed that
no reaction had taken place. Next, mesityl azide was stirred in the presence iron(III) chloride and the
internal standard for 24 hours. NMR revealed that no reaction had taken place. Next, mesityl azide was
stirred in the presence of the lithium salt of the ligand, LiOR, and the internal standard for 24 hours. NMR
revealed that no reaction had taken place. Finally, mesityl azide alone was stirred in the presence of the
internal standard for 24 hours. NMR revealed that no reaction had taken place.
Kinetics Experiments. 2,6-diethylphenyl azide (628.2 mg, 3.59 mmol) and the internal standard
1,3,5-trimethoxybenzene (142.4 mg, 0.85 mmol) were dissolved in C6D6. This solution was then added in
one portion to a stirred solution of 1 mol % of 11 (22.9 mg, 0.036 mmol). NMR spectra of an aliquot of
the solution were taken at regular intervals over a period of 7.5 hours. The integration ratio with the
standard was used to calculate the concentration of the azide, and its decrease was monitored. A plot of
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1/[azide] vs time revealed a linear progression, suggesting that the catalysis is second order in azide. Plots
of the additional kinetics experiments using different concentrations of 1 and 2,6-diethylphenyl azide are
given in Appendix E.
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CHAPTER 6: REACTIVITY OF IRON AND COBALT BIS(ALKOXIDE) COMPLEXES WITH
DIAZOALKANES: FORMATION OF A STABLE HIGH-VALENT COBALT CARBENE
Portions of the text in this chapter were reprinted or adapted with permission from: Bellow, J. A.; Stoian,
S. A.; van Tol, J.; Ozarowski, A.; Lord, R. L.; Groysman, S. J. Am. Chem. Soc. 2016, 138, 5531-5534.
6.1. Introduction
As previously mentioned, transition metal carbene complexes are commonly encountered
intermediates in a variety of C−C bond formation reactions, including cyclopropanation, olefin
metathesis, and C−H activation. Carbene complexes are generally classified into one of two groups—
Fischer carbenes or Schrock carbenes.3c The type of carbene formed depends heavily on the type of metal
used, the substituents on the carbene, as well as the ligand environment on the metal. Fischer carbenes are
generally found with low-valent middle to late transition metals with π-accepting ligands, while Schrock
carbenes are found with high-valent early transition metals with π-donating ligands. Carbene complexes
that fall outside of these two classifications do exist, but are far less numerous. In a similar fashion to the
synthesis of metal-imido complexes, metal-carbene complexes can be synthesized via dinitrogen
extrusion from diazoalkanes (R2CN2), which are reactive, highly colored, and occasionally explosive
compounds that are often used as carbene transfer agents themselves.
We have shown that our bis(alkoxide) system is a capable nitrene-transfer agent that is highly
selective toward nitrene coupling to form azoarenes. While this reactivity was unexpected, it still
suggested that our bis(alkoxide) ligand platform can generate reactive metal-ligand multiple bonds. As
such, we next decided to see if that reactivity could carry over to metal-carbon multiple bonds. Because
investigation of the iron bis(alkoxide) complex 11 proved to be fruitful with azides, we chose 11 as a
starting point for our entry into carbene chemistry. The objective of this chapter was to explore the
reactivity of our bis(alkoxide) system with diazoalkanes.
6.2. Reaction of Iron and Cobalt Bis(alkoxide) Complexes with Diazoalkanes
The diazoalkane we chose for our preliminary investigation was diphenyldiazomethane (Ph2CN2).
The diphenylcarbene moiety has been previously found to form stable carbene complexes with other first-
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row transition metals.26a, 26d, 26e The presence of two phenyl groups provides electronic stabilization via
charge delocalization on the carbene carbon, as well as through steric protection. Additionally,
diphenyldiazomethane is not shock-sensitive and far less dangerous to handle than the lower molecular
weight diazoalkanes. Finally, diphenyldiazomethane can be prepared readily by the oxidation of the
corresponding hydrazone with activated manganese(IV) oxide.77 As an initial reaction, one equivalent of
diphenyldiazomethane was added to one equivalent of the iron bis(alkoxide) complex 11 in hexanes,
leading to an instantaneous color change to red. Reaction workup afforded colorless crystals as the major
product in 60% yield, confirmed to be benzophenone azine, (Ph2CN)2 (Figure 58). Attempts to isolate or
characterize the inorganic byproducts from this reaction were unsuccessful. Presumably the iron carbene
complex Fe(OR)2(CPh2) is generated, but it rapidly reacts with additional diazoalkane present in solution
to yield the

azine. The

formation of

benzophenone

azine

from the

decomposition of

diphenyldiazomethane has been previously reported in the literature for both the reaction of
diphenyldiazomethane with transition metal compounds,78 as well as in the thermal decomposition of
diphenyldiazomethane.79 An analogous reaction setup was attempted for the reaction with the manganese
bis(alkoxide) complex 10, but no reaction occurred.
The reaction of the cobalt bis(alkoxide) complex 12 with diphenyldiazomethane was next
attempted, with markedly different results (Figure 58). Upon diphenyldiazomethane addition, the solution
color gradually changed to red-brown over the course of a few minutes. Workup and crystallization led to
the isolation of brown crystals in high yield (85%), confirmed by X-ray crystallography to be the novel
cobalt carbene complex Co(OR)2(CPh2) (19). This molecule is noteworthy in that, to the best of our
knowledge, it is the first example of an isolable, structurally characterized cobalt carbene complex in a
weak-field ligand environment. Carbene complexes of the later first-row transition metals that possess
high-valent metal centers or that are stabilized by weak-field ligands are largely nonexistent, although a
few cases for iron have been reported.80 The first spectroscopically and structurally characterized
dirhodium carbenes were also recently reported.81 Intriguingly, 19 is stable at room temperature in the
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solid state under inert atmosphere, and crystals of it can be stored for weeks at −35 °C without any
evidence of degradation.

Figure 58. Reaction of iron (11) and cobalt (12) bis(alkoxide) complexes with diphenyldiazomethane.
The crystal structure of 19 is shown in Figure 59 below. Experimental crystallographic
parameters can be found in Table 12. The structure depicts a Co=C bond length of 1.773(3) Å, which, of
the eleven reported terminal cobalt-carbene structures, is among the shortest, with the shortest Co=C bond
length being 1.74 Å for the cobalt fluorocarbene complex Co(Cp)(PCy3)(CF(CF3)).82 This short carbene
bond suggests increased metal-carbon π-bonding and directly contrasts with the longer (1.9-2.0 Å) bond
lengths reported for cobalt(I) terminal carbenes. Additionally, the cobalt-alkoxide bond lengths are
1.765(2) Å, significantly shorter than those of the bis(alkoxide) precursor 12, at 1.849(1) Å. This suggests
that the oxidation state of the cobalt in 19 is likely higher than 2+ and that the carbene here is not
behaving as a Fischer carbene. Solution magnetic measurements and cyclic voltammetry further
corroborate this possibility. Compound 19 demonstrates a magnetic moment of 2.0 ± 0.1 μB, consistent
with a low-spin complex (S = 1/2). In contrast, the cobalt bis(alkoxide) 12 is high spin (S = 3/2), which is
typical of low-coordinate metal(II) species in weak-field ligand environments.4c,

78e, 83

The full cyclic

voltammogram of 19 (Figure 60) demonstrates several quasi-reversible reductions at −1.37 V, −2.62 V,
and −3.16 V. No complex oxidation was observed in the accessible solvent window. This finding
supports the presence of a highly oxidized cobalt center in 19. Also, no change was observed in the CV
when cycled after the second redox event (Figure 61), suggesting that independent redox events are
taking place.
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Figure 59. X-ray crystal structure of Co(OR)(CPh2) (19), 40% probability ellipsoids. H-atoms are omitted
for clarity. Selected bond distances (Å) and angles (°): Co-C, 1.773(3) Å, Co-O1, 1.765(2) Å, O1-Co-O2,
140.8(1).
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Table 12. Experimental crystallographic parameters for 19.
complex

19

formula

C43H56O2Co

fw

663.81

crystal system

triclinic

space group

P-1

a (Å)

8.5434(4)

b (Å)

11.3181(5)

c (Å)

19.6570(10)

α (deg)

106.087(2)

β (deg)

96.817(2)

γ (deg)

97.583(2)

V (Å3)

1786.12(15)

Dc (g cm-3)
Z

1.234
2

µ (mm-1)

0.516

T (K)

100(2)

R1 (%)

6.38

GOF

1.120
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Figure 60. CV of 19 in THF across full working potential range (0.1 M [NBu4](PF6), 25 °C, platinum
working electrode, 100 mV/s scan rate).

Figure 61. CV of 19 in THF, cycled after the second redox event (0.1 M [NBu4](PF6), 25 °C, platinum
working electrode, 100 mV/s scan rate).
High-valent cobalt carbene species are often postulated intermediates in the catalytic
cyclopropanation of olefins.84 These intermediates are generally elusive to isolatation are often only
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studied using spectroscopic and computational methods.85 Terminal carbene complexes of cobalt that
have been structurally characterized are all formulated as low-valent cobalt(I) species containing Fischer
carbenes.26d, 82,

86

Our complex is the first structurally characterized non-NHC cobalt carbene complex

with an oxidation state greater than 1+. Based on the evidence given above, it is also the first structurally
characterized high-valent cobalt carbene complex as well.
6.3. EPR and Computational Investigations of Co(OR)2(CPh2)
The EPR spectra recorded for 19 (Figure 62, additional EPR data in Appendix F), support an S =
1/2 ground spin state (EPR studies performed in collaboration with Dr. Sebastian Stoian, National High
Magnetic Field Laboratory). Resonance fields in the 50 - 400 GHz spectra exhibit a linear dependence on
the microwave frequency, demonstrating that the spin ground state of 19 is an isolated Kramers doublet (S
= 1/2 spin state). Simulations of the individual spectra, as well as the linear fit of the field vs. frequency
dependence of the resonant field values, yield a rhombic g tensor such that gx = 3.04(1), gy = 2.17(1) and
gz = 1.91(1). The X-band spectra exhibit well-defined, eight-line hyperfine splitting patterns for which the
individual features become progressively broader as their effective g-value increases. These eight-line
patterns establish that the observed hyperfine structure is dominated by coupling to the I = 7/2 spin of the
59

Co ion. Analysis of the spin functions in our coupled system shows that the |S=1/2, MS=±1/2> states

should exhibit effective g values according to geff = (4gCo – gradical)/3. Reasonable cobalt g components
gx,Co, gy,Co, and gz,Co of 2.78, 2.12, and 1.93, respectively, can thus be extracted from the experimental
values (see Appendix F for more details). Interestingly, the spectra observed for 19 are dramatically
different from those associated with the Co(TPP)-supported (TPP = tetraphenylporphyrin) bridging and
terminal carbene species described by Dzik and co-workers.85a In particular the terminal carbene, the only
Co(TPP)-based species that exhibits unpaired spin density delocalized over the carbene moiety, is
characterized by g ~ 2 and small
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Co hyperfine coupling constants. This behavior demonstrates the

presence of a S = 0 cobalt(III) ion and that the unpaired spin density is found nearly exclusively on the
carbene. In contrast, the parameters observed for 19 prove that this species contains a paramagnetic Co
ion. To better understand the electronic structure of 19, we turned to DFT calculations.
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Figure 62. Continuous-wave, variable-frequency EPR spectra recorded at 9.38 GHz, 20 K (top) and
203.20 GHz, 10 K (bottom) for frozen toluene solutions of 19. Solid red lines are simulations obtained
using a S = 1/2 spin-Hamiltonian that includes hyperfine coupling to a I = 7/2, 59Co nucleus. The feature
marked by (*) appears at g = 2.0023 and originates from a minor, radical-based impurity. Shown in red
are simulations obtained using a S = 1/2 spin-Hamiltonian, gx = 3.04(4), gy = 2.17(5), gz = 1.91(3), (gx) =
0.03(2), (gy) = 0.01(1), (gz) = 0.01(1), Ax = 585 MHz, Ay = 280 MHz, Az = 230 MHz, (Ax) = 25
MHz, (Ay) = 10 MHz, (Az) = 5 MHz.
Calculations were performed at the B3LYP/6-31G(d) level of theory (collaboration with
Professor Richard Lord and his group at Grand Valley State University). Despite the tendency of B3LYP
to favor high-spin configurations,74a the doublet species was calculated to be lower in energy than the
quartet and sextet states (See Appendix F), consistent with the EPR and magnetic data. This doublet, with
a Co–C bond length of 1.818 Å, was obtained from two distinct starting geometric and electronic
structures: (i) a Co–C distance of 1.6 Å and S = 1/2 localized at Co to test for CoIV=C and (ii) a Co–C
distance of 2.0 Å and a S = 1 CoIII center antiferromagnetically coupled to a carbene radical.87 The quartet
state, which features CoIII ferromagnetically coupled to a carbene radical, shows significant elongation of
Co–C to 1.930 Å.
The spin density for 19 is shown in Figure 63, with α spin at cobalt and β spin on the carbene.
Significant spin on cobalt is consistent with the g tensor deviating from 2, and contrasts to the cobalt-
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porphyrin system, whose spin density was entirely localized on the carbene.85 Mulliken spin densities of
1.77 on Co and –0.68 on the carbene carbon suggest two α electrons on Co and one β electron on the
carbene. A corresponding orbital analysis88 (Figure 64) partially supports this assignment, but the overlap
of 0.64 between the cobalt d orbital and the carbene p orbital indicates significant π-bonding. Calculation
of the quartet at the doublet geometry produces an electronic structure that is qualitatively different than
the doublet (Mulliken spins of 2.51 and 0.09 on Co and C) and is best described as a genuine high-spin
cobalt(IV) complex. Thus, while we were unable to calculate the energy of the ferromagnetically coupled
CoIII–C• state, the

CoIV state obtained places a lower bound on J of 4135 cm–1. This large coupling

HS

constant, combined with elongation of Co–C by 0.11 Å from the doublet to quartet state, suggests that 19
is an intermediate-spin CoIII (S = 1) strongly coupled to a CR2– radical. Moreover, re-evaluation of this
wavefunction with OPBE69 (which has been shown to excel at spin state energetic, which influences the
metal oxidation state, see Appendix F) predicts less spin density on the carbon (suggesting more CoIV=C
character), with values approaching those predicted for an analogous, hypothetical Rh complex that
should be RhIV=C. Thus, DFT predicts that 19 falls on the spectrum between cobalt(III) and cobalt(IV),
but with significant CoIV–alkylidene character. A HYSCORE experiment (see Appendix F) confirms the
presence of unpaired spin density on the diphenylcarbene moiety.
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Figure 63. Spin density isosurface plot (iso = 0.005 a.u.) for 19, with α spin represented by blue and β
spin represented by white.

Figure 64. Corresponding orbital diagram (iso = 0.05 a.u.) for 19.
6.4. Cyclopropanation Reactivity Studies of Co(OR)2(CPh2)
There is little doubt that 19 is an unusual molecule: a late transition metal like cobalt possessing a
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carbene with significant alkylidene character is unprecedented. A high-valent cobalt carbene like this
could be highly reactive. Indeed, the porphyrin-ligated low-spin cobalt(III)-carbene radical is a proposed
intermediate in olefin cyclopropanation.85 Consequently, we tested 19 for carbene-transfer reactivity. Two
olefins were chosen for this investigation: styrene and methyl acrylate. The previously reported cobalt
porphyrin complexes proved to be excellent catalysts for the efficient and selective cyclopropanation with
both of these substrates, albeit with different carbenes (primarily derived from diazoesters).84f, 84i We also
note that while transfer of the [CPh2] carbene moiety to olefins has been reported, it is not common with
cobalt.26d, 89 Reaction of a stoichiometric amount of 19 with styrene at either 60 or 90 °C led to about 15%
conversion to 1,1,2-triphenylcyclopropane after one hour;89e no further conversion occurred with
additional heating. Similarly, under catalytic conditions (10 mol % of 19 at 60 °C) the formation of about
one equivalent of the cyclopropane was observed after one hour, as demonstrated by 1H NMR (see
Appendix F). Conversely, no cyclopropane formation was observed for a stoichiometric reaction of 19
with methyl acrylate at 60 °C. Ultimately, our preliminary studies seem to reinforce the high stability of
the complex, as evidenced by its isolation. The diminished reactivity of 19 may be partly due to the
unprecedented electronics at the metal center. More likely though, the use of a bulky carbene, coupled
with the bulky alkoxide ligands, may simply be sterically hindering the carbene itself, limiting further
reactivity. Perhaps this may be why we were able to isolate this stable complex in the first place.
6.5. Summary and Conclusions
Similarly to the previously detailed metal-imido reactivity, metal-carbene reactivity with our
bis(alkoxide) system also seems to offer up rich, exciting new chemistries. While an iron-carbene
complex could not be isolated, we were able to synthesize and structurally characterize the first example
of a high-valent cobalt carbene complex. An exceptionally short Co=C bond, along with shorter Co−OR
bonds compared to the starting bis(alkoxide) confirm 19’s high-valent nature. EPR and DFT studies
conclude that while the oxidation state of the metal lies on a continuum between cobalt(III) and
cobalt(IV), there is significant alkylidene character present. Initial reactivity studies with 19 show that it
is a stable, largely unreactive molecule, likely due to the steric constraints of the carbene and the alkoxide
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ligands. It is possible that the larger size of iron as opposed to cobalt prevented the isolation of a stable
iron-carbene complex using diphenyldiazomethane. However, utilizing an even more bulky carbene may
allow for isolation of such a species by providing additional steric protection. In a similar argument,
reacting smaller carbenes with the cobalt bis(alkoxide) 12 may lead to greater reactivity, and perhaps even
catalytic reactivity, due to increased accessibility to the metal.
6.6. Experimental Details
General Methods and Procedures. All reactions involving air-sensitive materials were executed
in a nitrogen-filled glovebox. Diphenyldiazomethane was synthesized according to a reported literature
procedure.77 All solvents were purchased from Fisher Scientific and were of HPLC grade. The solvents
were purified using an MBRAUN solvent purification system and stored over 3-Å molecular sieves. The
complexes were characterized using NMR, IR, UV/Vis and EPR spectroscopies, X-ray crystallography,
elemental analysis, and the Evans method. NMR spectra were recorded at the Lumigen Instrument Center
(Wayne State University) on a Varian Mercury 400 MHz NMR Spectrometer in C6D6

at room

temperature. IR spectra of powdered samples were recorded on a Shimadzu IR Affinity-1 FT-IR
Spectrometer outfitted with a MIRacle10 attenuated total reflectance accessory with a monolithic
diamond crystal stage and pressure clamp. UV-visible spectra were obtained on a Shimadzu UV-1800
spectrometer. Elemental analyses were performed by Midwest Microlab LLC. Electrochemical properties
were determined using cyclic voltammetry on a BAS Epsilon system in a nitrogen-filled glovebox.
Samples were prepared in anhydrous THF with 0.1 M tetrabutylammonium hexafluorophosphate
[NBu4](PF6) as the supporting electrolyte. Redox potentials were determined with a scan rate of 100 mV/s
at 25 °C by using a platinum disc working electrode (2 mm diameter), a platinum wire counter electrode,
and a nonaqueous Ag+/Ag reference electrode, and referenced to FeCp2/FeCp2+ couple. Large peak
separations on the order of 300 mV or greater were observed for each redox event, suggesting quasireversible processes. Cyclic voltammetry measurements were also taken at various scan rates from 25-100
mV/s. Small decreases in the peak separations were observed at lower scan rates, further supporting
quasi-reversible processes. Additional spectra, as well as EPR and DFT details, can be found in Appendix
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F.
X-ray Crystallographic Details. The structure of 19 was confirmed by X-ray analysis. The
crystals were mounted on a Bruker APEXII/Kappa three circle goniometer platform diffractometer
equipped with an APEX-2 detector. A graphic monochromator was employed for wavelength selection
of the Mo Kα radiation (λ = 0.71073 Å). The data were processed and the structure was solved using the
APEX-2 software supplied by Bruker-AXS. The structure was refined by standard difference Fourier
techniques with SHELXL (6.10 v., Sheldrick G. M., and Siemens Industrial Automation, 2000).
Hydrogen atoms were placed in calculated positions using a standard riding model and refined
isotropically; all other atoms were refined anisotropically.
Reaction of 11 with Ph2CN2. To a stirring hexane solution of 11 (27.1 mg, 0.042 mmol) was
added dropwise a hexane solution of diphenyldiazomethane (8.2 mg, 0.042 mmol), leading to an
instantaneous color change to red. The reaction was stirred for an hour, upon which the volatiles were
removed in vacuo to give a red residue. This residue was dissolved in pentane, filtered, and concentrated.
Crystallization at -35°C afforded colorless crystals confirmed by NMR to be benzophenone azine,
Ph2CNNCPh2 (4.6 mg, 60%).
Co(OR)2(CPh2) (19). To a stirring hexane solution of Co(OR)2(THF)2 (30.1 mg, 0.05 mmol) was
added dropwise a hexane solution of diphenyldiazomethane (9.1 mg, 0.05 mmol). Gradually the solution
color changed from violet to red. The reaction was stirred for an hour, upon which the volatiles were
removed in vacuo. The resulting red-brown residue was redissolved in pentane, filtered, and concentrated.
Crystallization at -35 oC afforded the product as red-brown crystals (26.6 mg, 85%). IR (cm-1): 3051 (w),
3001 (w), 2963 (w), 2878 (w), 2832 (w), 1474 (w), 1439 (m), 1400 (w), 1385 (w), 1188 (w), 1153 (w),
1084 (w), 1042 (s), 991 (s), 899 (m), 756 (s), 702 (s), 687 (s), 648 (m). µeff = 2.0 ± 0.1 µB (calc. 1.7). λmax
(εM) 483 (2041). The compound was also characterized by X-ray crystallography. Anal. Calcd. for
C43H56O2Co: C, 77.8; H, 8.5. Found: C, 77.9; H, 8.6.
Stoichiometric reaction of 19 with styrene. Complex 19 (15.5 mg, 0.023 mmol) and styrene
(2.4 mg, 0.023 mmol) were combined in deuterated toluene in an NMR tube under an atmosphere of
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dinitrogen. The tube was sealed with parafilm and heated in an oil bath at either 60 or 90 oC for four
hours. Gradually the solution color changed to green-brown. NMR indicated about 15% conversion of the
styrene to the respective cyclopropane, whose peaks were similar to those reported in the literature.8 After
one hour, no further increase in cyclopropane formation was observed.
Stoichiometric reaction of 19 with methyl acrylate. Complex 19 (17.9 mg, 0.027 mmol) and
methyl acrylate (2.3 mg, 0.027 mmol) were combined in deuterated toluene in an NMR tube under an
atmosphere of dinitrogen. The tube was sealed with parafilm and heated in an oil bath at 90 oC for four
hours. Gradually the solution color changed to blue-violet. NMR indicated no formation of cyclopropane,
accompanied by some decomposition of the carbene complex.
Catalytic reaction of 19 with styrene. Diphenyldiazomethane (31.2 mg, 0.16 mmol) and styrene
(16.7 mg, 0.16 mmol) were combined in an NMR tube, along with 10 mol % of 19 and 1,3,5trimethoxybenzene as an internal standard. Gas evolution was immediately observed. The NMR tube was
sealed with parafilm and heated in an oil bath at 90 oC for four hours. About one equivalent of the
respective cyclopropane was formed, but no additional cyclopropane formation was observed after one
hour of continued heating.
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CHAPTER 7: CONCLUSIONS AND FUTURE DIRECTIONS
As worldwide supplies of the less accessible second- and third-row transition metals continue to
deplete, the use of base metals in catalysis is becoming more and more relevant as scientists look toward a
sustainable future. Base metal catalysis continues to be under intense investigation, with the majority of
base metal catalysts utilizing soft, σ-donor-type ligand platforms, often in low-coordination environments.
Later first-row transition metals in these low-coordination environments have been shown to support
reactive metal-ligand multiple bonds toward various group-transfer reactions in catalysis. One alternative
that has yet to be fully explored is the use of hard, π-donating alkoxide ligands to yield more reactive
metal-ligand multiple bonds. In this thesis we have investigated this hypothesis by designing a new bulky
alkoxide ligand for the stabilization of later first-row transition metals. We have also explored the
synthesis and reactivity of metal-nitrogen (imido) and metal-carbon (carbene) multiple bonds in our
system. Ultimately, we have demonstrated the feasibility of base metal complexes stabilized by alkoxide
ligands for use in new stoichiometric and catalytic reactions.
Along the route to our proposed bis(alkoxide) system, we were able to synthesize several novel
cluster complexes of the middle to late first-row transition metals. For chromium-cobalt, these complexes
were able to dimerize, displaying the rare seesaw geometry. Spectroscopic and computational
investigations confirm that the steric bulk imparted by the ligand enforces this unusual geometry. For
nickel, which has a smaller atomic radius compared to the earlier metals, only a three-coordinate
monomer was observed. In the case of copper, reduction of the copper(II) complex by one equivalent of
the ligand afforded a copper(I) tetramer in a reduction unusual in alkoxide chemistry. Through the
observed formation of several byproducts, a tentative mechanism for this reduction was proposed. While
not directly contributing toward the goals of this research, several novel molecules have been synthesized
that seem to bend the basic rules of chemistry, making them intriguing nonetheless. Future studies could
aim toward further investigation of the synthesis of chromium and nickel bis(alkoxide) complexes, which
were not explored in this research. These species may yield intriguing and unprecedented reactivity that
could be applied toward small molecule catalysis. Specifically, chromium-ligand multiple bonds in an
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alkoxide ligand environment could also prove to be reactive. Low-coordinate nickel alkoxide complexes
may yield intriguing reactivity as well.
Use of thallium(I) hexafluorophosphate as a chloride abstractor afforded our desired bis(alkoxide)
system for manganese, iron, and cobalt. Cyclic voltammetry suggested that the iron bis(alkoxide)
complex would prove to be the most easily oxidized, so our studies with azides focused on this complex.
No reactivity was observed between azides and the manganese or cobalt bis(alkoxides). Reaction of the
iron bis(alkoxide) with adamantyl azide led to one-electron reduction of the azide followed by coupling to
give a rare hexazene complex, as opposed to the expected two-electron reduction of the azide to give
nitrene. As dictated by DFT studies, this complex likely forms via a dimeric intermediate in which the
iron centers are oxidized to iron(III), and the azides are both reduced. N−N bond formation can then
occur. While not entirely novel, hexazene formation is indeed rare, and our hexazene complex is the first
example of one not synthesized by a highly reducing metalloradical such as iron(I) or magnesium(I).
While our bis(alkoxide) system can be synthesized in two steps from LiOR, future studies could focus on
eliminating the chloride abstraction step, thus circumventing the need to use poisonous thallium(I)
hexafluorophosphate. Alternative routes include the synthesis of either NaOR or KOR and then reacting
with metal halides, or using crown ethers to trap the lithium ions instead of the chloride ions. In terms of
hexazene chemistry, future studies involve the synthesis of additional hexazene complexes using other
alkyl azides, as well as exploring the possibility for either stoichiometric or catalytic removal of hexazene
from the complex. Reducing agents and/or hexazene transfer agents could lead to isolation of either
inorganic hexazene salts or organic hexaazadienes, both of which could be investigated for their potential
as energetic materials. Additionally, reactivity with diazides could be investigated, leading to the
formation of hexazene polymers, novel materials that may also display energetic properties.
Looking to expand our investigation of the reactivity of azides with the iron bis(alkoxide) we next
explored aryl azides. Interestingly, differing reactivity results, whereby two-electron reduction of the
azide occurs, followed by nitrene coupling to give azoarenes. This process is catalytic and highly
selective, only working for aryl azides with bulky groups on the ortho positions of the aryl ring. Smaller
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aryl azides allow for the isolation of stable bis(imido) complexes that appear to be an endpoint of the
reaction. Observation of the iron tris(alkoxide), along with spectroscopic and kinetics experiments,
suggest that a comproportionation process may be occurring between a reactive iron-imido intermediate
and another equivalent of the iron bis(alkoxide). DFT studies calculate this intermediate to be an iron(III)
center antiferromagnetically coupled to an imido radical. The unforeseen lability of the alkoxide ligand in
our system undoubtedly plays a role in the unusual reactivity observed here. While the nitrene coupling
reactivity of our system is limited, future studies could investigate the application of our selective nitrene
coupling catalyst toward the synthesis of azo polymers via diazides. Azo polymers are materials of
interest as diffraction gratings and as molecular switches, but they are challenging to synthesize. Our
catalyst could provide ease of access to these materials, allowing for exploration of their properties.
Additional studies involve attempting to react the bis(imido) complexes in the presence of other substrates
while heating in a further attempt to afford nitrene transfer or nitrene coupling.
We also observe novel reactivity with diazoalkanes, toward the formation of metal-carbene
complexes. Specifically for cobalt, we were able to isolate the first example of a high-valent cobalt
carbene complex, which is also the first example of a cobalt-carbene in a weak-field ligand environment.
High-valent cobalt carbenes are proposed intermediates in olefin cyclopropanation, and our stable,
structurally characterized system may help to shed light on the specific nature of that mechanism. EPR
and DFT studies conclude that the oxidation state of the cobalt in this complex lies on a continuum
between cobalt(III) and cobalt(IV) but that it possesses significant alkylidene character. A lack of
observed reactivity of this carbene may be due to unforeseen electronic stabiliziation or enhanced steric
protection offered by both the ligand and the bulky carbene. Olefin reactivity with carbene complexes can
be very selective. Because we did not test the reaction of an electron-donating olefin with our complex,
future studies could begin by exploring this reaction. Future studies could also be aimed at studying the
reactivity of the cobalt bis(alkoxide) complex with smaller diazoalkanes. These reactions may produce
more reactive cobalt carbene complexes that can undergo exciting new types of reactivity, including
cyclopropanation, C−H activation, and even olefin metathesis. Finally, because we were unable to isolate
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an iron carbene complex, we could also investigate using excessively bulky diazoalkanes to attempt to
isolate an iron(IV) carbene complex. While this complex would likely be unreactive toward carbene
transfer, it could still be an interesting molecule with electronic properties worth investigating.
Further modifications could also be made to our ligand system. Even more sterically hindered
alkoxide ligands may lead to differing or even new types of reactivity beyond that which we have already
investigated. Future studies could focus on the synthesis of excessively bulky alkoxide ligands via the
addition of bulky groups to the phenyl ring on our alkoxide ligand. To counteract the alkoxide
dissociation issues we observed in the reactivity of the iron bis(alkoxide) complex with aryl azides, a
chelating bis(alkoxide) ligand could be employed. The synthesis of a chelating bis(alkoxide) system could
allow for greater catalytic control in the activation of azides, diazoalkanes, and other small molecules.
These systems would be more rigid, and their steric properties could further be tuned, allowing for a wide
variety of ligand types to be synthesized. In terms of new reactivity, other types of metal-ligand multiple
bonds could be investigated, including oxo, sulfido, and even silylene ligands. The activation of other
small molecules, including olefins, carbonyls, and carbon dioxide, by our bis(alkoxide) system could also
be explored. In addition, other metals may be suitable for investigation in our system, including earlier
first-row transition metals such as vanadium and titanium, as well as divalent lanthanides. These
complexes are expected to be highly reducing, and their reductive properties could be investigated.
In conclusion, we have demonstrated that bulky alkoxides show promise as ligand scaffolds for
the support of reactive metal-ligand multiple bonds. Our exploration of their reactivity with both azides
and diazoalkanes shows that metal-nitrene and metal-carbene formation, along with their subsequent
transfer, is indeed possible. In the future, using alternative ligand structures that eliminate the lability
issue observed with [OR] in our system would be a step forward toward the design of novel first-row
transition metal alkoxide catalysts. Ultimately the discoveries we have made in this research have revived
bulky alkoxide chemistry and present access toward new types of complexes that are certainly worth
pursuing. Further modifications to our system will likely lead to the discovery of more surprising
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reactivity that will continue to push the known boundaries of transition metal chemistry and may lead to
viable new base metal catalysts for a variety of transformations.
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APPENDIX B: SUPPLEMENTARY MATERIAL FOR CHAPTER 2
1. Crystal Structures Not Shown in Chapter 2

Figure B.1. Crystal structure of 2, 50% probability ellipsoids. Hydrogen atoms omitted for clarity.
Selected bond distances and angles. Bond lengths and angles not reported due to poor crystal quality.

Figure B.2. Crystal structure of 4, 50% probability ellipsoids. Selected bond distances and bond angles:
Cr1-O1 1.906(2) Å, Cr1-O2 1.908(2) Å, Cr1-Cl1 2.493(2) Å, Cr1-Cl2 2.603(2) Å, O1-Cr1-O2 175.2(1)°,
Cl1-Cr1-Cl2 84.43(6)°.
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Figure B.3. Crystal structure of 6, 50% probability ellipsoids. Selected bond distances and bond angles:
Co1-O1 1.893(2) Å, Co1-O2 1.877(2) Å, Co1-Cl1 2.540(3) Å, Co1-Cl2 2.457(3) Å, O1-Co1-O2
175.5(2)°, Cl1-Co1-Cl2 84.47(7)°.
2. Evans Method Formula and Procedure
The Evans method49 was performed on 3-8 using a Wilmad coaxial insert (purchased from
Aldrich) and a standard NMR tube. The sample was carefully weighed, and a precise amount of the
appropriate NMR solvent was added to afford solutions with known concentrations for the calculations.
The solutions were added to the insert, and the insert was placed inside the outer NMR tube, which
contained blank NMR solvent. NMR spectra were taken as indicated previously. The molar susceptibility
of the compound was first calculated using Equation 1

(1)

where

is the peak separation in Hertz,

is the concentration of the solution in grams per milliliter,

is the spectrometer operating frequency in Hertz,
and

is the molar mass of the compound (g/mol).

is the molar susceptibility of the solvent (in cm3/g),
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The solution state effective magnetic moment (μeff) was calculated using Equation 2:
(2)
Diamagnetic corrections were calculated using Pascal’s constants.55 Two or three measurements were
taken, and the average of the three was taken. The data is reported below in Tables B.1 and B.2 below.
We also calculate standard deviation and report it alongside the average values. We note however that we
estimate the uncertainty in the calculated values to be at least 5%, even if the standard deviation values
are lower.
Table B.1. Spin-only magnetic moments calculated for 3-6 using the Evans method.
Complex

µcalc (µB)

µobs (µB)

3

8.9

8.8

4

8.9

8.4

5

11.0

11.6

6

6.9

7.8

Table B.2. Spin-only magnetic moments calculated for 7 and 8 using the Evans method.
Complex

µcalc (µB)

µobs (1) (µB)

µobs (2) (µB)

µobs (3) (µB)

µobs (average) (µB)

7

2.8

3.1

3.1

2.9

3.0 ± 0.1

8

2.8

3.2

3.0

3.1

3.1 ± 0.1
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3. NMR Spectra

Figure B.4. 1H NMR spectrum of LiOR, 1.
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Figure B.5. 13C NMR spectrum of LiOR, 1.
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Figure B.6. 1H NMR spectrum of 8.
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Figure B.7. 1H NMR spectrum for 9.
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Figure B.8. 13C NMR spectrum for 9.
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Figure B.9. Full 1H NMR spectrum of the crude reaction mixture of CuBr2 with 2 LiOR. The reaction
mixture contains an internal standard trimethoxybenzene (peak at 6.23 and 3.31 ppm).
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Figure B.10. Full 1H NMR spectrum of HOR in C6D6.
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Figure B.11. Full 1H NMR spectrum of tert-butyl phenyl ketone in C6D6.
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4. IR Spectra

Figure B.12. IR spectrum of LiOR, 1.

Figure B.13. IR spectra of the seesaw dimers, 3-6, showing their similar stretches.
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Figure B.14. IR spectra of 7 and 8.

Figure B.15. IR spectrum for 9.
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5. UV-vis Spectra

Figure B.16. UV-vis spectrum for 7 at three different concentrations. λmax (εM): 676 (22), 547 (99).

Figure B.17. UV-vis spectrum for 8 at three different concentrations. λmax (εM): 682 (33), 559 (91).
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Figure B.18. UV-vis spectrum for 9 (Cu4(OR)4) at three different concentrations.
6. Metal k-edge X-ray Abosorption Spectroscopy Details
Data Collection
Samples of 3, 5, and 6 were prepared as finely ground samples dispersed in nujol and placed in
aluminum sample holders between two windows made from Kapton tape (cat. no. 1205; 3M,
Minneapolis, MN). Data were collected at the NSLS (Brookhaven National Laboratories; Upton, NY) on
beamline X3b (ring operating conditions: 2.8 GeV; 305 – 200 mA). All data were obtained at 20 K
(temperature maintained using a He displex cryostat) and obtained in transmission mode. A focused
Si(111) double monochromater was used for energy selection along with a low angle Ni mirror for
harmonic rejection. The energy were calibrated by simultaneously recording the spectrum of elemental
metal foil. Data were collected in 5 eV steps in the pre-edge region (200 to 20 eV below the edge jump),
0.3 eV steps in the edge region (–20 to +20 eV relative to the edge jump), 2 eV steps in the near edge
region (+20 to +200 eV relative to the edge jump) and 5 eV steps in the far edge region (+200 to 19 k
relative to the edge jump). All spectra represent the averaged sum of 7 scans.
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Data Analysis
Data analysis was performed using the XAS data analysis package EXAFS123 (version 0.3b). 90
The EXAFS region of the K-edge spectra were analyzed as unfiltered k3() from k = 2.0 – 17.5 Å–1 for 3
and 5. Analysis for Co-containing 6 was only performed over the range of k = 2.0 – 14.3 Å–1 because of
irresolvable artifacts resulting from the Ni mirror. Phase and amplitude functions were generated using
the software package FEFF 8.2.91 Single scattering pathways for M–O, M–Cl and M–M scatterers were
generated as previously described.92 Multiple scattering pathways for the remainder of the complexes
were generated as follows. A series of DFT generated structures for 3 were prepared. The Fe-Fe, Cl-FeCl and O-Fe-O bond lengths and angles were constrained from: Fe-Fe (r): 3.4 – 3.8 Å, Cl-Fe-Cl(θ): 75 –
105° and O-Fe-O(φ): 170 – 190°. Restrained geometry optimizations using TeraChem v. 1.5K7,8 on a
GPU-based workstation were then performed using the BLYP functional and VDZ-P basis set on Fe and
all ligating atoms and a SVZ-P basis set on all other atoms. The low level of theory and small basis sets
were justified by the fact that a large number of structures needed to be generated for FEFF input files, the
pertinent bond length and angles were restrained and a high degree fidelity outside of the metal core was
deemed unnecessary; as latter confirmed by the data analysis. A total of 40 DFT structures were thus
generated. These were systematically “tweaked” resulting in 512 structures for FEFF input files. For 5
and 6 the Fe atoms were replaced by Mn and Co, respectively. All pathways that had an amplitude of 5%
or more relative to the M-Cl pathways were retained in the simulated spectra. Once the individual spectra
were generated the pathways contributing to the M-M, M-Cl and M-O vectors were subtracted from the
total chi.dat output files, resulting in all of the significant single and multiple scatterering pathways.
Phase (αMS) and amplitude (fMS) functions were generated according to the formula:
FMS = F0 + rF1 + θF2 + θ2F3 + φ2F4
where F = αMS or fMS. Best fits to the data were compared using by comparison of the error parameter ε2.
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Table B.3. Best fits to the XAS data of 3, 5 and 6 and fit without the MS-pathways.
3

5

6

Pre-edge peak position (eV)

7112.3(2)

6539.3(1)

7709.6(10

Area (%eV relative to edge)

8.2(1)

12.5(2)

7.9(2)

7117.9(3)

6545.8(3)

7716.4(3)

7124.20

6548.11

7720.93

2

2

2

r (Å)

1.887(2)

1.901(2)

1.872(6)

2 (Å–2)

0.0016(2)

0.0014(2)

0.0021(3)

2

2

2

r (Å)

2.482(7)

3.001(8)

2.410(9)

2 (Å–2)

0.0011(5)

0.0031(5)

0.0016(2)

1

1

1

3.60(2)

4.48(11)

3.64(2)

0.0020(8)

0.0027(5)

0.0013(2)

1

1

1

3.60

4.48

3.64

0.0017(4)

0.0014(8)

0.001(1)

θ (°)

86(2)

89(3)

81(3)

φ (°)

174(2)

172(1)

175(2)

Edge energy (eV)
EO (eV)
Best Fit
M-O shell
na

M-Cl shell
na

M-M shell
na
r (Å)
2 (Å–2)
MS shell
na
r (Å) b
2 (Å–2)
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ε2

0.88

0.92

0.83

2

2

2

r (Å)

1.911(5)

1.826(28)

1.944(13)

2 (Å–2)

0.0028(1)

0.0003(1)

0.0008(1)

2

2

3

r (Å)

2.476(3)

2.89(3)

2.51(1)

2 (Å–2)

0.0025(4)

0.0006(12)

0.006(1)

1

1

1

3.62(4)

4.5(3)

3.6(1)

0.0001(14)

0.0004(29)

0.0007(3)

1.52

1.74

1.40

Fit Without the MS Shell
M-O shell
na

M-Cl shell
na

M-M shell
na
r (Å)
2 (Å–2)

ε2

a) restrained to nearest whole number following the initial refinement cycle. b) length restrained to the MM shell distance.
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Figure B.19. Magnitude FT k3() for 3 (FT from k = 2.0 to 17.5 Å–1). The red spectrum is the real data,
the simulated data is the blue spectrum and the difference spectrum is in green.

Figure B.20. k3() for 5. The red spectrum is the real data, the simulated data is the blue spectrum and
the difference spectrum is in green.
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Figure B.21. Magnitude FT k3() for 5 (FT from k = 2.0 to 17.5 Å–1). The red spectrum is the real data,
the simulated data is the blue spectrum and the difference spectrum is in green.

Figure B.22. XANES region of the XAS for 5.
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Figure B.23. k3() for 6. The red spectrum is the real data, the simulated data is the blue spectrum and
the difference spectrum is in green.

Figure B.24. Magnitude FT k3() for 6 (FT from k = 2.0 to 14.3 Å–1). The red spectrum is the real data,
the simulated data is the blue spectrum and the difference spectrum is in green.
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Figure B.25. XANES region of the XAS for 6.
7. Computational Details
All geometry optimizations on 3-8 and their respective models were performed at the
B3LYP/SDD level using the Gaussian09 program.93 For calculation efficiency, the tert-butyl substituents
were replaced by methyl groups in all complexes under consideration. The wavefunctions for ELF and
NCI calculations were obtained from single point calculations using B3LYP/6-31(d). ELF results were
calculated with a modified TopMod package.94 A size of 2003 au with a step size of 0.1 au grid was used
for the ELF calculations. The NCI calculations were performed with the NCIPLOT program. 51 The

correction to the Gibbs free energy (G) was calculated using the harmonic approximation using a
scaling factor of 0.9806.55 Since both Ni-Cl (7) and Ni-Br (8) show identical chemistry, both
structures were considered for the calculations as a consistency check. No difference was
observed between the complexes with the two different halides. In the case of the Mn and Ni
complexes, solvation was modeled with the self-consistent reaction field (SCRF) method using
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the SMD solvation approach.93 Two solvents were modeled: THF (ε=7.4257) and hexane
(ε=1.8819). All optimized structures were confirmed by frequency calculations to have no
imaginary frequencies. The relative stability between dimer and monomer structures was
calculated by determining the Gibbs free energy change as described in Figure 36. The NCI
surfaces were calculated by the NCIPLOT51 program. NCI plots the reduced density gradient
versus the product of the sign of the second eigenvalue (λ2) of the electron-density Hessian
matrix and the electron density. The peaks at low electron density characterize the non-covalent
interactions.

Figure B.26. Superposition of the crystal structures of 3-6 (black) and the calculated structures (red).
Only the core part is shown. The letters in panel a are the atomic names; M stands for metals. For (a) Cr;
(b) Mn; (c) Fe; (d) Co.
Electron Localization Function
The electron localization function (ELF), which was originally proposed based on the HF approach, 95 and
extended for DFT50 can be used as a measure of the electron localization in molecular systems. The
topological analysis of ELF, a continuous and differentiable scalar field in three-dimensional space, is
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performed by calculating its gradient vector field and associated Hessian matrix. The points where the
gradient is zero and the three eigenvalue of the Hessian are all negative are attractors. The points whose
gradient paths end at the same attractor belong to the same basin. The ELF basins resemble the domains
of the models from the valence shell electron pair repulsion (VSEPR) theory.96 For the ELF calculation,
the wavefunction are truncated and only includes the O and the connected C (same as the structure in
Figure B.25). As shown in Figure B.26, the ELF basins for the outer shell electrons of the transition
metals are split into several small basins (in circle). This is due to the metal interactions with its
surrounding ligands.97 Different metals have different orientations for the splitting basins.

Figure B.27. The ELF (a) and NCI (b) surfaces for the Cr complex. For ELF, the isovalue is 0.735.
Non-Covalent Interaction
Non-Covalent Interaction (NCI) plots the reduced density gradient versus the product of the sign of the
second eigenvalue (λ2) of the electron-density Hessian matrix and the electron density in order to
visualize the non-covalent interaction. The desired non-covalent interaction can be characterized by the
peaks at low electron density.
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Figure B.28. The NCI for 3-6 with tert-butyl being replaced with methyl. The isovalue is 0.5 and 0.02<sign(λ2)ρ<0.02 au.

145

Figure B.29. The NCI for the crystal structures of 4-6. The isovalue is 0.5, and -0.02<sign(λ2)ρ<0.02 au.
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Optimized structures with R from [OR] replaced with H

Figure B.30. Optimized structures with the R (CtBu2Ph) group being replaced with H.
Orbital analyses
Isovalue for the surfaces is 0.04 au. All tert-butyl groups are replaced by methyl groups.
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Figure B.31. Corresponding orbital analysis for 3.
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Figure B.32. Corresponding orbital analysis for 4.
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Figure B.33. Corresponding orbital analysis for 5.
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Figure B.34. Corresponding orbital analysis for 6.
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Canonical MOs

Figure B.35. Canonical molecular orbitals for 3, HOMO-n (n from 0 to 7).
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Figure B.36. LUMO for 3, E(LUMO-HOMO) = 5.0 ev.
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Figure B.37. Canonical molecular orbitals for 4, HOMO-n (n from 0 to 7).

Figure B.38. LUMO for 4, E(LUMO-HOMO) = 4.4 ev.
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Figure B.39. Canonical molecular orbitals for 5, HOMO-n (n from 0 to 9).

Figure B.40. LUMO for 5, E(LUMO-HOMO) = 5.0 ev.
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Figure B.41. Canonical molecular orbitals for 6 (HOMO-n (from 0 to 5)).
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Figure B.42. LUMO for 6, E(LUMO-HOMO) = 4.8 ev.
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APPENDIX C: SUPPLEMENTARY MATERIAL FOR CHAPTER 3
1. Evans Method Formula and Procedure
The procedure for the Evans method is the same as that reported in Appendix B.
Table C.1. Spin-only magnetic moments calculated for 10-12 using the Evans method.
Complex

µcalc (µB)

µobs (1) (µB)

µobs (2) (µB)

µobs (3) (µB)

µobs (average) (µB)

10

5.9

5.2

5.6

5.8

5.5 ± 0.3

11

4.9

4.8

4.4

4.9

4.7 ± 0.3

12

3.9

3.8

3.7

3.3

3.6 ± 0.3

2. NMR Spectra

Figure C.1. 1H NMR spectrum of 12.
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3. IR Spectra

Figure C.2. IR spectra of M(OR)2(THF)2 (10-12) in the 1700-650 range.

Figure C.3. IR spectra of M(OR)2(THF)2 (10-12) in 3400-650 cm-1 range.
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4. UV-vis Spectra

Figure C.4. UV-vis spectrum for 10 (Mn(OR)2(THF)2) at three different concentrations.

Figure C.5. UV-vis spectrum for 12 (Co(OR)2(THF)2) at three different concentrations. λmax (εM): 734
(176), 578 (64), 472 (40), 386 (98).
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APPENDIX D: SUPPLEMENTARY MATERIAL FOR CHAPTER 4
1. Evans Method Formula and Procedure
The procedure for the Evans method is the same as that reported in Appendix B.
Table D.1. Spin-only magnetic moments calculated for 13 using the Evans method.
Complex
13

µcalc (µB)
11.0

µobs (1) (µB)
11.1

µobs (2) (µB)
11.3

2. IR Spectra

Figure D.1. IR spectrum of 13.

µobs (average) (µB)
11.2 ± 0.2
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3. Computational Details

163

Figure D.2. Corresponding orbital analysis for the S = 10/2 hexazene complex. All orbitals are singly
occupied.

Figure D.3. Spin density isosurface plots for the hexazene (left), monomeric azide compound (middle),
and dimer (right). The lack of spin density at the azide for the monomer, but not the dimer, demonstrates
that the azide is only reduced in the latter.
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Figure D.4. Corresponding orbital analysis for the S = 8/2 diazide complex. Singly occupied orbitals are
shown with one orbital per line, while the two antiferromagnetically coupled orbitals are shown with the
α orbital on the left and the β orbital on the right.
Table D.2. Comparison of reaction thermodynamics (in kcal/mol) with the B3LYP, BLYP, OLYP, and
OPBE functionals. Energies include def2TZVP single point energy refinements and are done at the
B3LYP optimized geometries. The latter functionals based on OPTX, favored for energetics involving
spin state changes, suggest that the dimer formation is favored by enthalpy and free energy.
B3LYP

BLYP

OLYP

OPBE

Monomer->Dimer (ΔH)

–7.86

–26.78

–20.95

–23.02

Dimer -> Hexazene (ΔH)

–19.68

–2.63

–11.86

–18.83

Monomer -> Dimer (ΔG)

+8.61

–10.30

–4.48

–6.54

Dimer -> Hexazene (ΔG)

–14.99

+2.07

–7.16

–14.13
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Table D.3. Energetics (Eh) for optimized species based on 13.
Species

Spin (S)

H(gas)

G(gas)

hexazene

0/2

-1115.386207

-1115.468844

hexazene

2/2

-1115.380204

-1115.465660

hexazene

4/2

-1115.405140

-1115.491427

hexazene

6/2

-1115.422988

-1115.509344

hexazene

8/2

-1115.431387

-1115.521798

hexazene

10/2

-1115.434023

-1115.526747

monomer (N-terminal)

2/2

-557.650304

-557.711549

monomer (N-terminal)

4/2

-557.687716

-557.751688

monomer (N-Me)

2/2

-557.657683

-557.747304

monomer (N-Me)

4/2

-557.696027

-557.759257

dimer

0/2

-1115.313177

-1115.402460

dimer

2/2

dimer

4/2

-1115.349138

-1115.439409

dimer

6/2

-1115.367323

-1115.461497

dimer

8/2

-1115.398485

-1115.498692

dimer

10/2

Re-optimized to hexazene structure

Re-optimized to hexazene structure
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APPENDIX E: SUPPLEMENTARY MATERIAL FOR CHAPTER 5
1. Evans Method Formula and Procedure
The procedure for the Evans method is the same as that reported in Appendix B.
Table E.1. Spin-only magnetic moments calculated for 14-18 using the Evans method.
Complex

µcalc (µB)

µobs (1) (µB)

µobs (2) (µB)

µobs (3) (µB)

µobs (average) (µB)

14

5.9

6.5

6.1

6.3

6.3 ± 0.2

15

4.9

4.8

4.9

5.0

4.9 ± 0.1

16

4.0

3.8

3.9

3.7

3.8 ± 0.1

17

4.0

5.0

4.6

4.9

4.8 ± 0.2

18

4.0

4.6

4.5

4.4

4.5 ± 0.1

2. IR Spectra

Figure E.1. IR spectrum of Fe(OR)3, 14.
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Figure E.2. IR spectrum of Fe(OR)2(CNAr)2, 15.

Figure E.3. IR spectrum of 16.
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Figure E.4. IR spectrum of 17.

Figure E.5. IR spectrum of 18.
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3. NMR Spectra

Figure E.6. 1H NMR spectrum of 20 equivalents of mesityl azide with 1,3,5-trimethoxybenzene as an
internal standard.

172

Figure E.7. 1H NMR spectrum showing catalytic nitrene coupling from mesityl azide (5 mol % catalyst,
internal standard and azoarene present).
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Figure E.8. 1H NMR spectrum of isolated azomesitylene product (92% yield).

174

Figure E.9. 1H NMR spectrum of 100 equivalents of mesityl azide with 1,3,5-trimethoxybenzene as an
internal standard.

175

Figure E.10. 1H NMR spectrum showing catalytic nitrene coupling from mesityl azide (1 mol % catalyst,
internal standard and azoarene present).
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Figure E.11. 1H NMR spectrum of 20 equivalents of 2,6-diethylphenyl azide with 1,3,5trimethoxybenzene as an internal standard.
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Figure E.12. 1H NMR spectrum showing catalytic nitrene coupling from 2,6-diethylphenyl azide (5 mol
% catalyst, internal standard and azoarene present).
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Figure E.13. 1H NMR spectrum of isolated azo(2,6-diethylbenzene) product (93% yield).

179

Figure E.14. 1H NMR spectrum of 5 equivalents of mesityl azide and 5 equivalents of 2,6-diethylphenyl
azide, with 1,3,5-trimethoxybenzene added as an internal standard.
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Figure E.15. 1H NMR spectrum showing mixed catalytic nitrene coupling from mesityl azide and 2,6diethylphenyl azide (5 mol % catalyst, 5 equivalents each) to form MesNNMes, DepNNMes, and
DepNNDep.
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Figure E.16. 1H NMR spectrum of 10 equivalents of mesityl azide and 10 equivalents of 2,6dimethylphenyl isocyanide, with 1,3,5-trimethoxybenzene added as an internal standard.
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Figure E.17. 1H NMR spectrum of the solution of 10 equivalents of mesityl azide and 10 equivalents of
2,6-dimethylphenyl isocyanide after stirring for four hours. No new products observed. The isocyanide
peaks have disappeared.
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Figure E.18. 1H NMR spectrum of the solution of 10 equivalents of mesityl azide after stirring in
cyclohexadiene as a solvent for 24 hours. 1,3,5-trimethoxybenzene is used as an internal standard. No
new products observed. Only mesityl azide is present.
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Figure E.19. 1H NMR spectrum of the solution of 10 equivalents of tolyl azide and 1 equivalent of
Fe(OR)2(THF)2, following heating to 50 °C for 5 hours. No new product formation is observed.
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Figure E.20. 1H NMR spectrum after four hours of stirring five equivalents of mesityl azide to a solution
of 17. No color change was observed. Stirred for four hours. NMR reveals no azoarene formation, with
only the mesityl azide peaks present.
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Figure E.21. 1H NMR spectrum of the reaction of 18 with 2 equivalents of 2,6-dimethylisocyanide. No
new products observed. The isocyanide peaks have disappeared.
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Figure E.22. 1H NMR spectrum of control experiment using iron(II) chloride and mesityl azide. No
reaction observed.

188

Figure E.23. 1H NMR spectrum of control experiment using iron(III) chloride and mesityl azide. No
reaction observed.
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Figure E.24. 1H NMR spectrum of control experiment using the lithium salt of the ligand, 1, and mesityl
azide. No reaction observed.
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Figure E.25. 1H NMR spectrum of the control experiment using mesityl azide and no catalyst. No
reaction observed.
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Figure E.26. 1H NMR spectrum of 15.
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4. UV-vis Spectra

Figure E.27. UV-vis spectrum for 14 at three different concentrations.
5. Mass Spectra

Figure E.28. Mass spectrum of azomesitylene. [M+H] = 267.
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Figure E.29. Mass spectrum of azo(2,6-diethylbenzene). [M+H] = 295.

Figure E.30. Mass spectrum of the mixed azide reaction. Azomesitylene, [M+H] = 267. Azo(2,6diethylbenzene), [M+H] = 295. Asymmetric azoarene, [M+H] = 281.
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6. Kinetics Plots
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Figure E.31. Kinetics plot of 1/[azide] vs. time (1:100 [Fe]/azide, [Fe] = 14.4 mM).
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Figure E.32. Kinetics plot of 1/[azide] vs. time (1:10 [Fe]/azide, [Fe] = 31.6 mM).
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Figure E.33. Kinetics plot of 1/[azide] vs. time (1:10 [Fe] / azide, [Fe] = 15.8 mM).
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7. Computational Details
Electronic structure calculations were carried out using DFT98 as implemented in Gaussian09.93
Geometry optimizations were performed at the B3LYP63 level of theory using the 6-311G(d) basis set
based on inadequacies we observed with doublt-ζ basis sets in a previous study.99 No symmetry
constraints were imposed during geometry optimizations. All optimized structures were confirmed to
have stable wave functions100 and to be local minima by analyzing the harmonic frequencies.101
Frequencies and thermodynamics for all species in Chapter 5 can be found below.
Table E.2. Thermodynamics (in Eh) of all optimized Fe(OR)2(NAr) structures.
Species

E(SCF)B3LYP

H(gas)

G(gas)

quintet

E(SCF)OPBE

-2989.735100

-2988.814228

-2988.945615

-2989.190013

singlet

-2989.692567

-2988.770925

-2988.899766

-2989.140895

triplet

-2989.720699

-2988.798660

-2988.933338

-2989.173597

septet

-2989.727541

-2988.806085

-2988.941666

-2989.177988
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Table E.3. Corresponding orbital isosurface (iso = 0.05 au) plots for quintet Fe(OR)2(NMes).  orbitals
are in the left column,  orbitals are in the right column. The overlap between 168a and 168b is ~53%.
172a

171a

170a

169a

168a

168b
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APPENDIX F: SUPPLEMENTARY MATERIAL FOR CHAPTER 6
1. Evans Method Formula and Procedure
The procedure for the Evans method is the same as that reported in Appendix B.
Table F.1. Spin-only magnetic moments calculated for 19 using the Evans method.
Complex

µcalc (µB)

µobs (1) (µB)

µobs (2) (µB)

µobs (3) (µB)

µobs (average) (µB)

19

1.8

2.0

2.1

2.1

2.0 ± 0.1

2. IR Spectra

Figure F.1. IR spectrum of 19.

200
3. NMR Spectra

Figure F.2. 1H NMR spectrum of 19.
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Figure F.3. 1H NMR spectrum of a stoichiometric reaction of 19 with styrene. Approximately 15%
conversion of the olefin to the cyclopropane after four hours of heating at 90 °C.

202

Figure F.4. 1H NMR spectrum of the stoichiometric reaction of 19 with methyl acrylate. The reaction
was heated for four hours at 90 °C. Decomposition of 19 is observed, with negligible cyclopropane
formation.

203

Figure F.5. 1H NMR spectrum of the catalytic reaction of styrene with diphenyldiazomethane using 10
mol % of 19. Trimethoxybenzene was used as an internal standard. About one equivalent of the
corresponding cyclopropane was formed after four hours of heating at 90 °C.
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4. UV-vis Spectra

Figure F.6. UV-vis spectrum for 19 at five different concentrations.
5. EPR Experimental Details and Spectra
The continuous-wave and pulsed X-Band (9.4 GHz) EPR spectra were recorded using a Bruker
ElexSys 680 spectrometer that is part of the instrumentation available to NHMFL users. All spectra were
recorded at cryogenic temperatures using a helium-flow cryostat (Oxford). While all pulsed spectra were
obtained using a cylindrical TE011 dielectric ring resonator (ER 4118X-MD-5, Bruker) some of those in
continuous wave mode were recorded using a high-sensitivity cavity (ER 4119HS, Bruker). The
HYSCORE spectra were recorded using a standard four-pulse sequence
.102 Unwanted pulses were removed using an eight-step phase cycle.103 The length of the
and

pulses was 16 ns and a delay, τ, of 200 ns was employed. The echo was recorded as function of

two dimensions, t1 and t2, with a step size dt1,2 of 8 ns for 512 points per dimension. The experimentally
determined time-domain data was processed to yield the frequency-domain plot presented in the main
text. Thus, the background echo decay for both t1 and t2 was removed by subtracting a third order
polynomial fitted to the individual data traces. Subsequently, both dimensions were expanded to 1024
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points by zero-filling the empty data points followed by a convolution with a Hamming widow function.
The resulting data set was submitted to a two-dimensional Fourier transform yielding the frequencydomain HYSCORE spectrum. For the current manuscript only the positive, (+,+), quadrant is presented.
The high-frequency EPR spectra were obtained using a custom-built spectrometer available at the EMR
facility of NHMFL. This spectrometer allows for recording spectra transmission mode. The microwaves
are propagated through cylindrical lightpipes and were generated by a phase-locked oscillator (Virginia
Diodes) operating at a frequency of 13 ± 1 GHz and generating its harmonics, of which the 4th, 8th, 16th,
24th and 32nd were available. A superconducting magnet (Oxford Instruments) capable of reaching a
field of 17 T was employed. All spectral simulations were performed in the framework described by the
spin-Hamiltonian of equation 1.

(1)
The simulations of Figure 62 were obtained using the SpinCount program written by Prof. Mike
Hendrich at Carnegie Mellon University,104 and relied on a first-order perturbative treatment of the
hyperfine interaction. In contrast, the simulations of Figure S9 were obtained using a program written by
Dr. Andrew Ozarowski and involved the diagonalization of the complex,

spin-Hamiltonian

matrix. All spectra could be successfully simulated using S = 1/2, gx = 3.06(2), gy = 2.24(2), gz = 1.93(2),
(gx) = 0.03(2), (gy) = 0.01(1), (gz) = 0.01(1), Ax = 585 MHz, Ay = 280 MHz, Az = 230 MHz, (Ax) =
25 MHz, (Ay) = 10 MHz, (Az) = 5 MHz, an intrinsic Lorentzian linewidth Γ = 15 G. While the X-band
spectra were recorded for deuterated-toluene solutions those recorded at high-frequency were obtained
using non-deuterated toluene solutions. The simulations of the HYSCORE spectra presented in Figure
S17 were obtained using the EasySpin software package maintained and developed by Prof. Stefan
Stoll.105
The magnitude of the coupling constants associated with the hyperfine splitting patterns of the g
3 and 1.9 absorptions can be easily estimated from the peak-to-peak separation of the individual lines
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i.e., 590(10) MHz and 230(10) MHz. In contrast, the hyperfine splitting of the g

2.2 absorption, as well

as the distribution in the A and g values, could be obtained only from spectral simulations. The
progressive broadening of the absorptions belonging to a particular hyperfine splitting pattern originates
from combined effects of a distribution the hyperfine coupling constants, (A), and g values, (g).
Simulations of the X-band spectrum shown in Figure 62 used a spin-Hamiltonian model with hyperfine
coupling accounted for with first order perturbation of the electronic Zeeman effect and provided: g x =
3.068, gy =2.214, gz = 1.955; (gx) = 0.03, (gy) = (gz) = 0.00, Ax = 587 MHz, Ay = 280 MHz, Az = 230
MHz, (Ax) = 25 MHz, (Ay) = 10 MHz, (Az) = 5 MHz, with an intrinsic Lorentzian linewidth Γ = 15
G. The difference in the X-band g values when compared with those of the high frequency spectra is an
artifact that originates from the use when evaluating the hyperfine coupling of perturbation theory (see
Figure F.12).

Figure F.7. High-frequency EPR spectra recorded at 203.2 GHz, 10 K for two frozen toluene solution
and a ground solid samples of 19. While the (+) sign labels resonances that originate from surface
adsorbed molecular oxygen, (*) labels g = 2.00. The intense and narrow resonance associated with g = 2
originates from a radical impurity.
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Figure F.8. Temperature dependent spectra recorded at 52 GHz for a frozen toluene solution of 19. The
spectra are normalized. The (*) denotes the position of g = 2.00. For sake of clarity the intense, radical
impurity - based signal was removed from the spectra.

Figure F.9. Variable-frequency EPR spectra recorded at 10 K for a frozen toluene solution of 19. The (*)
denotes the position of g = 2.00. For sake of clarity the intense, radical impurity-based signal was
removed from the spectra.
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Figure F.10. Frequency-dependence of the resonant field values of the observed resonances. The linear
fits obtained for these resonances are listed as an inset and yield the following effective g values: 2.171
(green), 3.014 (blue), and 1.915(red).

Figure F.11. X-band spectra recorded at 20 K for a frozen THF solution of [(corrole)Co]Cl (top) and
frozen toluene solution of 19 (bottom). These spectra illustrate the difference between a ligand-based spin
density i.e., cobalt coordinated corrole - radical, and a metal based spin density, 19. Interestingly, both
compounds enclose a formal cobalt(IV) site. However the corrole complex is not believed to contain a
genuine Co4+ site but rather a S = 0, low-spin Co(III) center.106
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Figure F.12. Simulations of the 20 K, X-band spectrum recorded for a frozen toluene solution of 19
obtained from the full diagonalization of the
complex spinHamiltonian107 and the g-values determined from the analysis of the high-frequency EPR spectra (bottom)
and those obtained from the simulations of the X-band spectrum obtained using a first order perturbation
treatment of the hyperfine coupling. Comparison of the simulated spectra shown in red reveals that
indeed, the higher g-values obtained from the simulations of the X-band spectra using a perturbative
approach when compared with the values determined from the high-frequency EPR spectra is an artifact
of the perturbative treatment of the hyperfine interaction.

Figure F.13. X-band EPR spectra recorded at 10 K for a 13C labeled (blue) and unlabeled (red) 5 mM
solution of 19. While the spectral features indicated by (a) originate from contaminants of the dielectric
resonator, that observed at g = 2 labeled using (b) arises from a radical-based impurity.
Our attempts to estimate the magnitude of the 1H superhyperfine couplings from the simulations
of the continuous-wave X-band EPR spectra were unsuccessful. Consequently, we have performed a
series of pulsed EPR measurements on deuterated toluene solutions of 19. Inspection of Figure F.14 that

210
shows a typical Hyperfine Sublevel Correlation spectrum (HYSCORE) recorded at X-band reveals two
distinct sets of resonances one that is very intense and relatively narrow centered at ~ 2 MHz and another
set that is considerably broader found in the 15 – 20 MHz region of the spectrum. Based on their values
we assign the first set of resonance to the hyperfine coupling with the I = 1 nuclear spins of 2D nuclei
incorporated in the deuterated toluene solvent and the other to the interaction with the I = 1/2 of the 1H
nuclei of the cobalt-coordinated ligands.

Figure F.14. Left: Typical X-band HYSCORE spectrum recorded at 10 K for a 5 mM deuterated toluene
solution of 19. The experimental conditions for the current spectrum are: microwave frequency, ν =9.70
GHz; temperature, shot repetition time, 499.8 s; t /2 = 16 ns; delay between the first and second
microwave pulse, τ = 200 ns; magnetic field 340 mT (g = 2.004). Right: Simulated HYSCORE spectrum
obtained considering the coupling of the S = 1/2 electronic spin to three distinct 1H, I = 1/2 nuclei
characterized by anisotropic tensors such that Ax,y,z(1) = {-3, -1, -3} MHz, Ax,y,z(2) = {1, 1, 9} MHz,
Ax,y,z(3) = {3, 0, 2} MHz and a 2H, I = 1 with an isotropic HFC tensor Aiso= 0.05 MHz.
7. Computational Details
DFT98 calculations were carried out using Revision D01 of Gaussian 09.99 Geometry
optimizations were performed at the B3LYP/6-31G(d) level of theory.63 Reoptimization of the lowest
energy spin state, 19 doublet, with the 6-311G(d) basis set did not improve the bond lengths and
characterization of the wavefunction was the same based on Mulliken spin densites (Table F.2).
Therefore, our analysis in the manuscript focuses on the double-zeta results. All optimized structures were
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confirmed to have stable wavefunctions100 and to be minima on the potential energy surface.101
Thermodynamics for each species may be found in Table F.6.
Table F.2. Comparison of Co–L bond lengths (Å) and Mulliken spin densities.
B3LYP

B3LYP

6-31G(d)

6-311G(d)

Exp.

Co–C

1.773

1.823

1.827

Co–O

1.765

1.759

1.768

Co spin

-

1.77

1.73

C spin

-

–0.68

–0.67

O spin

-

0.05

0.07

The electronic structure of 19 was re-evaluated at the B3LYP/6-31G(d) optimized geometry using
(i) OPBE,17 a functional that excels at predicting spin state energies,18 and (ii) ωB97-XD,19 a long-range
corrected functional. As Table F.3 demonstrates, the CoIII–C• vs. CoIV=C character, which is ideally 2.0
and –1.0 for the former and 1.0 and 0.0 for the latter, is sensitive to the functional choice. OPBE predicts
the most CoIV=C character and shows the least spin contamination, as tracked by the S2 value after
projection of the first spin contaminant, and ωB97-XD predicts the most CoIII–C• character. Both the
amount of spin contamination and the CoIV=C character is correlated with the amount of explicit HartreeFock exchange in each functional, reminiscent of spin state energies (see Ref 12 in manuscript). To
benchmark our expectations for a true MIV=C system, we optimized the hypothetical species replacing Co
with Rh at the B3LYP/SDD/6-31G(d) level of theory.20 This complex has an optimized Rh–C bond length
of 1.858 Å that is shorter than the dirhodium carbenes that are known experimentally. As shown in Table
F.3, none of these wavefunctions suffer from spin contamination, yet the amount of spin density on the
carbene C varies from –0.07 for OPBE to –0.25 for ωB97-XD. Thus, even in this ideal alkylidene system,
spin polarization can place up to ~0.3 electrons worth of spin on the neighboring carbene C. While a

212
definitive answer would require multireference techniques (e.g. CASSCF) that are not feasible for this
sized system, we believe the relatively small spin contaminations, comparison to the hypothetical Rh
complex, and bond elongation from the Co doublet to quartet state allow us to conclude that there is
significant π-bonding between Co and the diphenylcarbene.
Table F.3. Comparison of Mulliken spin densities for 19 with different functionals and 19Rh.
19

19Rh

B3LYP

OPBE

B97-XD

B3LYP

OPBE

B97-XD

M spin

1.77

1.42

1.89

0.91

0.78

1.02

C spin

–0.68

–0.44

–0.82

–0.16

–0.07

–0.25

O spin

0.05

0.07

0.05

0.12

0.12

0.12

S2

0.88

0.77

0.99

0.75

0.75

0.75

To further validate the electronic structure of 19, we simulated the EPR parameters with
ORCA.110 A summary of the predicted hyperfine couplings may be found in Table F.4. The simulated
spectra based on these values are shown in Figure F.15, and visualization of the directionality of the
tensor components may be seen in Figure F.16. Inspection of Table F.5 shows that the lowest 1-electron
excitation corresponds to the promotion of a β, spin-down electron from the doubly-occupied dx2-y2
orbital to the singly-occupied dxy orbital. Interestingly, the two orbital states corresponding to the ground
and first excited orbital states are mixed by the z component of the spin-orbit operator

.

Consequently, the largest orbital contributions to the g and A(59Co) tensors are expected along the zdirection along the Co–C bond.
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Table F.4. Simulated hyperfine coupling tensor components at the B3LYP/6-31G(d) level within the
diphenylcarbene Co portion of the complex. FC = Fermi contact, SD = spin dipole. 1H values for the
ortho, para, and meta substituents are averaged over both phenyl rings.
AFC

ASD

AFC+SD

59

+368

-108

-76

185

260

292

553

13

Ca

-144

-68

27

41

-212

27

41

1

Hortho

8.3

-7.2

-1.8

9.0

1.1

6.5

17.3

1

8.1

-4.0

0.0

4.0

4.1

8.1

12.1

1

-4.2

-1.6

0.3

1.3

-5.8

-3.9

-2.9

Co

Hpara
Hmeta

a. C in diphenylcarbene bound to Co.

Figure F.15. (A) Simulation of the X-band spectrum shown in Figure 62; (B) Simulation of the X-band
spectrum shown in Figure 62 that also includes a I = 1/2, 13C nuclei with an isotropic HFC tensor such
that Aiso = -144 MHz i.e., the DFT-predicted value; (C) Simulation of the X-band spectrum shown in
Figure 62 that also includes a I = 1/2, 13C nuclei with a HFC tensor such that Ax = -103 MHz, Ay = -212
MHz, and Az = -103 MHz. These values were obtained from the sum of the DFT-predicted, B3LYP/631G(d), Fermi-contact and spin-dipolar contributions to the HFC tensor.
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41

-76

27

-108

Figure F.16. Relative orientations of the spin-dipolar components of the HFC tensors of the 13C shown in
blue and 59Co shown in purple predicted at B3LYP/6-31G(d) level. The predicted values of the principal
tensor components are shown near their respective axis and are expressed in MHz. The Fermi-contact
values of the HFC tensor predicted for the 13C nucleus is -144 MHz and respectively, +368 MHz for the
59
Co nucleus, see Table F.4. Analysis of the TD-DFT excitations suggests that the g tensor is oriented
such that its largest component, gmax ~ 3, is found along the Co-C axis and that the intermediate value,
gmid ~ 2.2, is perpendicular to the plane defined by the Co-O bonds, see Table F.5.
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Table F.5. Isosurface plots (iso = 0.05 au) of the TD-DFT derived Natural Transition Donor (NTDO) and
Acceptor (NTAO) orbitals111 involved in the lowest three single-electron excitations. We define the z axis
to contain the Co-C bond, the yz plane to contain the ipso carbons of diphenylcarbene, and the xy plane to
contain the Co–Oalkoxide bonds. These transitions are consistent with either an intermediate-spin CoIII ion
|dyz2dx2-y22dxy1dxz1dz20| or a low-spin CoIV ion |dyz2dx2-y22dxy1dxz0dz20|.
Excitation Energy
(eV)

NTDO

NTAO

Description

0.5570

dx2-y2  dxy ()

0.7439

dyz  dxy ()

1.0747

dx2-y2  dz2 ()

Table F.6. Energies (in Eh) for all species at the B3LYP/6-31G(d) level of theory (SDD for Rh). Some
small (< 50 cm–1) imaginary frequencies corresponding to methyl and/or phenyl rotations in the alkoxide
ligand were ignored for the higher energy spin states of 19.
Species

E(SCF)

H(gas)

G(gas)

19 doublet

–3205.335533

–3204.398353

–3204.528927

19 quartet

–3205.324277

–3204.390002

–3204.519235

19 sextet

–3205.315018

–3204.380249

–3204.511710

quartet @ 19 doublet

–3205.312649

-

-

19Rh doublet

–1933.220962

–1932.284802

–1932.416418
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The novel alkoxide ligand [OCtBu2Ph], or [OR], was synthesized in a single step as a lithium salt.
It was then reacted with a series of first-row transition metal(II) halides, with widely varying results.
Upon reaction with chromium, manganese, iron, or cobalt(II) chloride, dimeric complexes of the form
M2(OR)4Li2Cl2 were formed, which displayed rare seesaw geometry at the metal. This unusual geometry
was confirmed by various spectroscopic and computational studies. Computational studies also indicate
that the steric bulk of the ligand, as well as the inclusion of lithium atoms in the molecules, are what lead
to the seesaw geometry. Reaction of [OR] with nickel(II) halides generates monomeric species of the
form Ni(OR)2XLi(THF)2 (X = Cl, Br), which display distorted trigonal planar geometry at threecoordinate nickel. Dimerization likely does not occur for nickel due to its smaller size. DFT studies
support preference for nickel to form the monomer. Reaction of [OR] with copper(II) halides leads to
reduction of the copper center by one electron, generating the tetramer Cu4(OR)4. Reduction of copper(II)
by an alkoxide is a novel transformation. Spectroscopic studies to probe the mechanism suggest that
Cu(OR)2XLi(THF)2 may be an intermediate prior to reduction. Observation by NMR of the ketone
Ph(C=O)tBu and ROH suggest that alkoxide reduces the copper to give an alkoxide radical, which then
decomposes via β-scission.
To form the desired bis(alkoxide) system, the halide-containing alkoxide complexes were reacted
with thallium(I) hexafluorophosphate. For manganese, iron, and copper, complexes of the form
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M(OR)2(THF)2 were isolated. The bis(alkoxide) complexes display distorted tetrahedral geometry at the
metal, with large RO−M−OR angles. Cyclic voltammetry of these species show that the iron
bis(alkoxide) is the most easily reduced of the three. Attempts to form the chromium bis(alkoxide) in a
similar fashion led to the reduction of thallium(I) to thallium metal. Formation of the nickel bis(alkoxide)
complex was also unsuccessful.
Reaction of the iron bis(alkoxide) complex with adamantyl azide led to reductive coupling of the
azide moieties to give the bridging hexazene complex (RO)2Fe(μ-η2:η2-AdN6Ad)Fe(OR)2. This complex
was confirmed to be stable to explosive decomposition. Computational studies suggest a dimerization
mechanism, whereby azide initially coordinates to iron(II), and upon dimerization the iron centers reduce
the azides before N−N bond formation occurs.
Stoichiometric reaction of the iron bis(alkoxide) complex with mesityl azide leads to nitrene
formation followed by nitrene coupling to give the azoarene MesNNMes. Crystallization from a
stoichiometric reaction afforded the azoarene and the iron tris(alkoxide) Fe(OR)3. Catalytic azoarene
formation with catalyst loading as low as 1 mol% cleanly generates azoarene at room temperature within
a day or two for mesityl azide and 2,6-diethylphenyl azide. Asymmetric azoarene can also be formed by
reacting mesityl azide and 2,6-diethylpheynyl azides together with the iron bis(alkoxide). This process is
highly selective: azoarene is the only product formed, even if the reaction is performed in the presence of
cyclohexadiene or isocyanide. Other azides (i.e. those not possessing groups in positions ortho to the
azide on the ring) do not form azoarene upon reaction with the iron bis(alkoxide): instead they form
bis(imido) complexes of the form (RO)Fe(THF)(μ-NAr)2Fe(THF)(OR) (Ar = 4-(trifluoro)methyl, 3,5dimethylphenyl, or phenyl). These are stable molecules that do not react with additional equivalents of
aryl azide. A tentative mechanism is proposed, whereby the iron(III) imido radical Fe(OR) 2(NAr)
comproportionates with another equivalent of iron bis(alkoxide) to give the observed iron(III)
tris(alkoxide), and the iron(III) bridging imido dimer. Nitrene coupling to give azoarene can occur from
either the iron(III) imido radical complex, or from the bis(imido) dimer. For bulkier aryl azides, the
bis(imido) dimer is disfavored to form due to sterics. This likely leads to preferential azoarene formation.
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Reaction of the iron bis(alkoxide) with diphenyldiazomethane generates the azine Ph 2CNNCPh2,
suggesting that a reactive iron carbene complex is formed before reacting with another equivalent of the
diazoalkane. A similar reaction with the cobalt bis(alkoxide) leads to isolation of the stable carbene
complex, Co(OR)2(CPh2). This molecule is the first example of an isolated, structurally characterized
high-valent cobalt carbene complex. EPR and DFT studies confirm the electronics of the complex: it is
likely that the cobalt oxidation state lies on a continuum between cobalt(III) and cobalt(IV) but that it
displays significant alkylidene character. However, the high-valent cobalt carbene complex is surprisingly
unreactive. Combination with both styrene and methyl acrylate at elevated temperatures failed to lead to
any significant reactivity of the complex. This is likely due to the steric protection offered by both the
bulky alkoxide ligands and the bulky carbene.
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